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PREFACE 

to Dover Edition 


This book represents the way genetics looked to us in 1939. In 
the past twenty-two years there have been far-reaching changes in 
the subject, but these have not been incorporated. The only changes 
that have been made are a few corrections of misprints and minor 
changes in wording, and the elimination of the plate showing the 
eye colors of Drosophila. 

The following are some of the changes that a thorough revision 
would need to incorporate: 

Chapter 1. The chromosome number in man is now known to be 
46, not 48. 

Chapter VI. We should now place less emphasis on chiasmata, 
and would avoid complete equating of chiasmata and exchanges. 

Chapter XIL This chapter needs revision, with discussions of 
complementation and fine-structure analysis. 

Chapter XIII, The discussion of the mechanism of the induction 
of mutations by irradiation needs revision, and the chemical 
induction of mutations would play a large part in an up-to-date 
account 

Chapter XVL Recent results indicate that the Y chromosome is 
much more important in sex-determination in mammals than it is 
in Drosophila. 

Chapter XXII. The field of biochemical genetics is largely a new 
development, and this chapter needs expansion and revision. 

There are some areas of genetics, now in the forefront of research 
on the subject, that are too recent to have been mentioned in the book. 
Any current account would be concerned with DNA (deoxyribose 
nucleic acid) as the probable chemical structure of the genes, and 
with the powerful new genetic techniques that have been developed 
with bacteria and bacteriophages. ? > 
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In Spite of these developments, however, we feel that the book 
gives a fair and balanced account of most of the field covered, i,e., 
of the chromosome mechanics of higher organisms. And this is an 
important, basic part of genetics that is often neglected or inade- 
quately covered in recent books. 

A. H. Sturtevant 

1962 G. W. Beadle 



PREFACE 


Genetics is a quantitative subject. It deals with ratios, with 
measurements, and with the geometrical relationships of chromo- 
somes. Unlike most sciences that are based largely on mathemat- 
ical techniques, it makes use of its own system of units. Physics, 
chemistry, astronomy, and physiology all deal with atoms, mol- 
ecules, electrons, centimeters, seconds, grams— their measuring 
systems are all reducible to these common units. Genetics has 
none of these as a recognizable component in its fundamental 
units, yet it is a mathematically formulated subject that is logic- 
ally complete and self-contained. 

We have attempted to treat the subject in the way suggested 
by these considerations — -namely, as a logical development in which 
each step depends on the preceding ones. The book should be 
read from the beginning, like a textbook of mathematics or physics, 
rather than in an arbitrarily chosen order, like a textbook of com- 
parative anatomy or natural history. 

Genetics also resembles other mathematically developed sub- 
jects, in that facility in the use and understanding of its principles 
comes only from using them. The problems at the end of each 
chapter are designed to give this practice. The student will find 
that it is important that they be actually solved. 

This book is planned for the use of students who have had an 
introductory course in biology. Brief accounts of mitosis, fertili- 
zation, the life-history of a seed-plant, and similar topics, are given 
rather as reviews than as attempts to make the material intelligible 
to a student with no biological background. The treatment of the 
material is not a historical one; the object has been rather to give 
a natural order that would simplify the presentation. The last 
chapter has been added to give a picture of the order in which the 
essential ideas of the subject developed. 


II 
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Crossing over is here presented from the first m terms of split 
chromosomes (**four-strand-crossing-over”). It is usual to give 
the unsplit-chromosome interpretation first, as being simpler and 
more easily grasped. This seems to us inexcusable, since it gives 
the student what is known to be an incorrect idea, thus making it 
more difficult than ever to grasp the correct one. The split-chro- 
mosome condition is not inherently difficult to understand, if one 
is given good diagrams and will learn to visualize them in three 
dimensions. The diagrams given here may look formidable; they 
cannot be understood at a glance, but we hope that study of them 
will convince the reader that the principles concerned are really 
simple. An understanding of these principles should make it pos- 
sible to deduce the behavior of particular types of chromosomes, 
without memorizing individual schemes. 

It may seem that the importance of chromosome aberrations 
has been overemphasized. The space devoted to them does not 
seem to us to be out of proportion to their importance. They 
have contributed largely to the clarification of general ideas in 
genetics, and constitute essential working tools in many of the 
attempts now being made to solve fundamental problems. The 
reader will find that many of these more general questions are 
discussed in the chapters whose titles might suggest that they deal 
only with special types of chromosome aberrations. 

Since the book is intended as an elementary text, it has seemed 
to us that an extensive bibliography would be out of place. How- 
ever, we have introduced a few references, chosen largely because 
they either contain extensive citations of the literature or are use- 
ful summaries. Their use will enable the student to find the im- 
portant papers dealing with specific topics. 

During the preparation of this book the authors have had the 
encouragement and helpful advice of many colleagues and friends. 
A number of persons have read the manuscript or parts of it. 
Doctors Barbara McClintock, Karl Sax, Berwind P. Kaufmann, 
D. F. Jones, and Miss Margaret Hoover have kindly supplied 
original prints of photographs. Miss Eugenia A. Scott has made a 
number of the original black and white drawings and diagrams. 
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Professor T. H. Morgan has kindly permitted the use of a number 
of figures prepared by Miss Edith M. Wallace, among which are 
the frontispiece and the plate of Drosophila eye colors; To all 
these persons the authors owe their gratitude. 

A. H. Sturtevant. 

G. W. Beadle. 
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An Introduction to Genetics 


CHAPTER I 
SEX CHROMOSOMES 

The existence of diversity among organisms is one of the 
most familiar of natural phenomena. Every child recognizes not 
only the differences between dogs, cats, and men, but also those 
between different individuals of each of these species. It is ob- 
vious that these latter, individual differences, can be analyzed in 
part into separate components such as height, eye-color, or hair- 
form. Such an analysis leads easily to a classification, based on 
resemblances and differences between individuals — an obvious ex- 
ample being that of breeds of domestic animals or varieties of 
cultivated plants. 

Variation . — Genetics is the science that deals with the under- 
lying causes of these resemblances and differences. ’ This is only 
another way of saying that it is the science of heredity and varia- 
tion, for it needs no argument to establish the point that breed 
differences or such characters as skin-color in man are due to 
heredity. In practice the study of genetics is based largely on 
those characters with respect to which individuals fall into classes 
that are easily distinguishable, so that it is possible to make un- 
ambiguous classifications. Other kinds of characters can be ana- 
lyzed, and will be discussed later in this book; but the cases of 
discontinuous variation are most easily dealt with. 

Sex Differences. — ^The most widespread and generally recog- 
nized discontinuous character is that of sex. Most higher animals 
and many plants are represented by two types of individuals, male 
and female, with intermediates absent or very rare. Furthermore, 
in many kinds of animals and plants, the two sexes are present 
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in approximately equal numbers* This relation is significant to 
the geneticist, for he is constantly studying the relative numbers 
of different kinds of individuals in families; and this simple i:i 
ratio at once suggests the presence of a simple mechanism. 

Inheritance of Sex Differences. — ^The mechanism at work has 
been found, and is in fact simple. Cytologists have investigated 
the dividing cells of many kinds of organisms, and have found 
them to contain bodies, called chromosomes, that can be stained 
by certain techniques. As a rule the number of chromosomes is 
the same in all the body-cells of an individual, and in all 
the different individuals of a species. Not only is the number 



Fig. I, — Human chromosomes. At left, spermatogonial division. The Y 
(labelled) is the smallest chromosome, the X (unlabelled) is one of the three 
largest, the other two constituting a pair of autosomes. At right, side view of 
meiotk division of male, with X passing to lower pole, Y to upper, the auto- 
somes being at the equator, (From Painter.) 

constant, but so also are the relative sizes and shapes; further- 
more, there are two of each kind. Thus, in man, the number in 
the cells of the body is 48 (Fig. i); this is made up of single 
pairs of each of 24 distinct kinds, and it can be shown that one 
member of each pair is contributed by each parent. 

There is one striking exception to the rule that the two mem- 
bers of a pair are alike. In many organisms, including man 
(Fig. i), there is one pair whose members are visibly different in 
the male. In these cases the female has no such heteromorphic 
pair, both representatives of the pair in question resembling one 
of the two present in the male. The kind present in duplicate 
in the female is known as X, its dissimilar mate in the male as Y. 
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The formula for the female thus is XX, for the male XY. It 
must be remembered that this formula applies only to the one 
pair of ehromosomes. For all other pairs the two sexes are alike. 

Sex-Chromosomes. — -The mature germ-cells or gametes (eggs 
and sperm) have half the number of chromosomes present in the 
body-cells of the individual that produces them — one member of 
each pair. This result is brought about by the meioik divisions 
(in animals the last two divisions before the production of the 



FEMALE MALE 

Fig. 2. —Schematic representation of the distribution of X and Y chromosomes, 


gametes) , which will be described in more detail in later chapters. 
For our present purposes it need only be emphasized that each 
gamete receives one chromosome of each pair present in the body- 
cells. It follows that, for the pair in which the male and female 
differ, all the eggs carry one type (X) while the sperm are of 
two types (X and Y) in equal numbers. As the accompanying 
diagram (Fig. 2) indicates, random fertilization results in an 
average ratio of i XX (female) to i XY (male) in the next 
generation. 
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Sex-ratio.— The I : i sex-ratio is an average; it is a matter of 
everyday experience that it is not to be expected in every family. 
The relations here are similar to those encountered in the tossing 
of coins, and they are those dealt with in the theory of prob- 
ability, an understanding of which is necessary in genetics, since 
the whole subject is based on the study of ratios of classes; and 
every family and every experimentally obtained ratio is subject to 
what is known as the error of sampling. 

Probability.— If one tosses a coin it is equally likely to fall 
heads or tails. A second coin is subject to the same probability. 
If the two are tossed in succession, then (on an average, if enough 
tosses are made) in half the cases the first coin will be heads, in 
half it will be tails. In each of these events, the second coin 
will be heads in half the cases, tails in half. There will thus 
be two heads in % of the tosses (% X %)? one head and one 
tail in % with heads for the first, tails for the second, plus 
T4 with tails for the first, heads for the second), and two tails 
in % of the tosses. The essential point to remember is that the 
two coins behave independently; the result of tossing the first has 
no influence on what the second does. They may be tossed simul- 
taneously, or on successive days, without any difference in the 
result. 

In general, if one tosses n coins at a time, the average result 
can be expressed by the expansion of the expression [a -j- A)“, 
where the coefficients in the expanded expression represent the 
number of cases found, the exponent of a the number of heads in 
the toss, and the exponent of b the number of tails. For exam- 
ple, for three coins the result is -f. + ^^ab^ 4- i.e., 


three heads i time 

two heads, one tail 3 times 

one head, two tails . , . 3 times 

three tails i time 

Total 8 2“) 


In terms of families, these proportions become probabilities. 
Thus, for example, one may deduce flhat a family of threei dbil- 
dren has one chance in 8 of indudh^ three boys. A similar 
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argument will show that, on the average, one in i6 families of 
four will indude only girls. A further consideration of the rela- 
tion of probability to genetics may be found in the Appendix. 

The X-Y mechanism is, in fact, the cause of the approximate 
T :i sex-ratio in man and many other organisms. It is subject to 
many modifications, but everywhere the basis of the i:i ratio re- 
mains the segregation of unlike members of a pair of chromo- 
somes. Commonly, as in man, X is larger than Y; in some cases 
(e,g,j Drosophila melanogaster) X is smaller than Y; in other 
cases (e.g., some bugs) X and Y are alike in size and shape; in 
still other cases grasshoppers) Y is absent. In some cases 
(birds, moths) the heteromorphic pair occurs in the female in- 
stead of in the male. This and still other types of sex-determina- 
tion (some of which do not result in a i:i ratio) will be dis- 
cussed in Chapter XVI. 

It should be pointed out that the ratio of i:i is only approxi- 
mately realized. There are real deviations in many species. In 
man the ratio, at birth, is about io6 males to loo females; since 
stillbirths are more often male than female the discrepancy is pre- 
sumably still greater at the time of fertilization, which is the 
stage at which the i:i ratio is expected according to theory. The 
reason for this deviation is not dear, though the most likely view 
seems to be that the X and Y sperm swim at slightly different 
rates, so that a Y sperm is more likely to reach the egg first. 
In any case, there can be no doubt that the two kinds of sperm 
are produced in equal numbers. 

Theories of Sex-DeterminatioE.— Literally hundreds of theories 
have been proposed to account for the determination of sex, their 
construction having been for centuries a favorite occupation of 
philosophers and theoretical biologists. With the discovery of 
the sex-chromosome mechanism, by McClung, Stevens, and Wilson 
(1901 -1905), the whole character of the problem was changed. 
The old speculative theories were forgotten, and the new ones that 
are still being proposed have no scientific standing. 

This does not mean that there is nothing more to be done in 
the field; like every important scientific discovery, the sex-chromo- 
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some mechanism gives the solutions to many problems, but at 
the same time makes it possible to investigate still other questions 
that were either not apparent or not approachable before. In 
Chapter XVI we shall consider some of the more recent studies 
on the nature of sex-determination. 

References 

(See also references for Chapter XVL) 

Schrader, F. 1928. The sex chromosomes. 194 pp. Gebr. Borntraeger, 
Berlin. 

Wilson, E. B. 1925. The cell in development and heredity. 1,232 pp. 
The Macmillan Co., New York. 

Problems 

(Note: In problems involving probabilities see Appendix for 
methods. Assume that the sex-ratio in man is r : i . ) 

T. In a family of five children what is the probability that: 

(a) All children will be girls? 

(b) All children will be of one sex? 

(c) There will be three boys and two girls ? 

(d) The family will not be made up of boys only? 

(e) There will not be more than one boy, Le,, there will be one boy 

or none ? 

2. If the first child of a family is a girl, what is the probability of the 

second child also being a girl? If the first five children are girls, 
what is the probability that the sixth will also be a girl? 

3. Considering two separate families, A and B, of three children each, 

what is the probability that family A will contain only boys 
and family B only girls? What is the probability that one or 
the other of the families will contain only boys and the remain- 
ing one only girls? What is the probability that the two fam- 
ilies together will consist of three boys and three girls without 
regard to their distribution within the families? 
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SEX-LINKAGE 

Drosophila.— Much of the modern theory of genetics is based 
on studies of a small fly called Drosophila melanogaster (see 
Plate I). This animal can be bred in the laboratory in large 
numbers with relatively little trouble and expense. A sexual 
generation, from egg to egg, may be completed in ten days; a 
single pair will produce hundreds of oflfspring. This species has 
a relatively small number of chromosomes— only four pairs 

■b 

Fig. 3. — ^Chromosomes of Drosophila melanogaster. a, female; b, male. 
(After Dobzhansky, from Morgan, “The Scientific Basis of Evolution,’' W, W. 
Norton Sc Company, Inc., Publishers.) 

(Fig. 3), These are some of the characteristics that have led to 
the widespread use of this species. 

Drosophila melanogaster is to be found in all temperate and 
tropical countries, and all wild strains, wherever found, are essen- 
tially alike, This relatively uniform type, to be found about fer- 
menting fruit in most parts of the world, is technically known as 
the wild type. Occasional variants do occur, both in nature and 
in the laboratory. Many of these transmit their peculiarities to 
their descendants, and may be isolated in true-breeding strains. 
During the past thirty years hundreds of such strains have been 
accumulated, and are now maintained in many laboratories. They 
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constitute the working material of the geneticists who study this 
species. 

Mutant Characters. — Each new variation that is inherited must 
evidently arise through some change in the material basis of 
heredity. Such a change is called a mutation ^ and the new char- 
acter due to it is z mutant character. Many such types will be 
discussed in this book. 

One of the mutant characters, known as bar, consists in a re- 
duction of each compound eye to a narrow vertical bar, in con- 
trast to the round of the normal or wild-type (Fig. 4). A bar 
strain breeds true to the character. If a wild-type female is mated 
to a bar male, the offspring consist of wild-type sons, and of 
daughters with eyes somewhat like those of the bar father, but 



Fig. 4. — Eyes of Drosophila melanogaster. a, wild-type; b, wide bar female; 

c, narrow bar. 

definitely broader— intermediate between wild-type and the 
narrow bar of the pure strain, and distinguishable from both 
(Fig. 5 — ^for the time being, disregard the lower four flies in this 
figure). When the reciprocal mating is made, using a female 
from the narrow bar stock and a wild-type male, the offspring are 
broad bar daughters (like those from the first mating) and nar- 
row bar sons, like those from the bar stock (Fig. 6 — disregard 
the lower four flies in this figure for the present). 

Bar and the Sex- Chromosomes. — ^These relations suggest those 
which hold for the X chromosomes of this species. Every male 
gets his single X from his mother; in both of the crosses de- 
scribed, the males have eyes indistinguishable from those present 
in the strains from which their members come. Every female gets 
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an X from each parent; in both crosses the females have eyes 
intermediate between those of their two parents. The hypothesis 
is suggested, that the difference between wild-type and bar is due 



Fig. 5. — ^Diagranunatic representation of the results of crossing a wild-type 
female to a bar male. 


to a difference between their X chromosomes— -that the mutation 
from wild-type to bar was caused by some sort of change in an 
X diromosome. 
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One test of this hypothesis may be made by breeding from the 
flies obtained in the experiments already described. The immedi- 
ate offspring, discussed above, are said to belong to the "first filial 



Fig, 6, — ^Diagrammatic representatioa of the results of crossing a narrow bar 
female to a wild-type male. 


generation,” regularly abbreviated to Fi. If the broad bar fe- 
males from the first cross are mated to their wild-type brothers, 
their offspring are said to constitute the F2 generation. In the 
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present case these consist of broad bar females, wild-type females, 
narrow bar males, and wild-type males — each of these occurring 
as one-fourth of the total. 

The result is in agreement with the hypothesis, as figure 5 
shows. The element in the X chromosome that is responsible for 
the bar eye is the bar gene. This will be used in complex for- 
mulae; accordingly it is useful to have a simple symbol for it. 
For this purpose the name of the mutant character is abbreviated, 
the symbol of the gene being The mate to this gene, pres- 
ent in the wild-type X, is designated (sometimes written 

The plus sign is used in general to indicate the genes 
present in the wild-type fly. The broad bar Fi female produces 
eggs, half of which carry a wild-type X, the other half a bar one. 
The Fi males produce sperm, half of which carry a wild-type X, 
the other half a y. As figure 5 shows, random fertilization of 
these gives the observed result: one female with two jB+ X’s 
( wild-type); one female with one B and one 5 + (broad bar); 
one male with a B+ X (wild-type) ; one male with a B X (bar) . 

Segregation* — One further deduction appears from this anal- 
ysis: the B+ and iB genes, each present in an X of the Fi fe- 
male, are recovered in their original form. The types obtained in 
F2 are not in any way different from the corresponding types 
present in the parental strains or in the Fi generation. This 
segregation is one of the fundamental principles of genetics. 

The production of B and B+ eggs in equal numbers is not 
quite as simple a matter as is the production of X and Y sperm 
in equal numbers. In the male, there are diploid cells— cells 
having the full double set of chromosomes, one pair of eadi kind 
—in the testes, called spermatocytes, which undergo the two suc- 
cessive meiotic divisions, to give rise to what are known as sper- 
matids (Fig, 7). The latter are haploid — each has a single 
set of chromosomes, one representative of each kind. (The Greek 
root of the word haploid means ''single.*') The spermatids de- 
velop directly into functional sperms, without further nuclear divi- 
sions. It follows, therefore, that each diploid spermatocyte gives 
rise (by means of the two divisions mentioned) to four haploid 
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sperms, of which two carry one member of any given pair of 
chromosomes and the remaining two carry the other member. 
Since all are potentially functional, the mechanism insures the 
production of exactly equal numbers of sperm carrying each mem- 
ber of the original pair of chromosomes. 


In the female the last diploid cell in the cycle is the oocyte. 
The two meiotic divisions result in four haploid cells (Fig. 7); 
but only one of these, the egg, takes part in development. The 
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Fig. 7. — ^The formation of the gametes in animals. The two meiotic divi- 
sions result in one egg and three polar bodies (female, at left), or four sperms 
(male, at right), 

other three nuclei, called polar bodies, later degenerate. Thus 
each diploid oocyte gives rise to a single haploid egg. One mem- 
ber of each pair of chromosomes is present in this egg, but the 
other member of the pair is lost, in two of the polar bodies. 
However, it is a matter of chance which member of the pair is 
present in the egg; accordingly, a series of eggs produced by a 
single individual will be constituted as are the sperm produced 
by a male, i.e., half will carry one member of the ori ginal pair, 
half the other member. 
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Prediction of Results. — Further tests of the interpretation given 
above for the case of bar may easily be made. In general, the 
offspring of any mating involving B may be predicted. The F 2 
from the reciprocal mating (bar female by wild-type male) may 
be taken as an example (Fig. 6). The Fi broad bar female 
gives eggs with a B+ X or with a B X. These will occur in 
equal numbers. The Fi male gives sperm with a B X or with a 
Y, again in equal numbers. There result, in F 2 : one narrow bar 
female, one broad bar female, one bar male, one wild-type male. 
It will be noted that the breeding behavior of any individual may 
be predicted by observing the shape of its eyes. A narrow bar 

B 

female has two B X's which is written ==, with each horkontal 

line standing for an X chromosome. This is often simplified to 
B 

— , where the second horizontal line is omitted; or, to save space 
B 

and trouble in typing or printing, B/B, A broad bar female is 
B/B+, a bar male B/Y, a wild-type male B+/Y. These consti- 
tutions specify the properties of an individual, quite apart from 
its pedigree; one male that is B/Y is of exactly the same nature 
as another with the same formula, though one may have come 
from a pure strain whereas the other may be from an Fj, half of 
whose recent ancestors were wild-type. 

Genes and Chromosomes.— The X chromosome, then, is not 
solely concerned with the determination of sex. It also carries 
the units, called genes, that we have been discussing under the 
names of B"t and B. There are many mutant types that are in- 
herited in the same way, so that many genes must be contained 
in the X chromosomes. This type of inheritance is called sex- 
linkage, and the genes concerned are said to he sex-linked. The 
case of bar is somewhat unusual in one respect. In most cases 
it is not possible to distinguish easily, by inspection alone, indi- 
viduals with one -j- gene and one mutant gene from those with 
two 4- genes. A typical example of this sort may now be con- 
sidered. 

Dominance. — ^One of the mutant strains has pure white com- 
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pound eyes, the color in the wild-type being a deep red. If a 
white-eyed female is mated to a wild-type male, the Fi offspring 
are red-eyed (wild-type) females and white-eyed males (Fig. 8). 
The reciprocal mating (wild-type female by white male) gives 
wild-type females and wild-type males in Fi (Fig. 9). Here 
again the Fi males resemble the maternal stock, and the Fi 
females from the two crosses are alike. But the Fi females are 
also, in appearance, like the wild-type strain, rather than inter- 

white wild type 


II l[^ 

w w + 



II II IHG^ 


W W + W w + 

WHITE WILD TYPE WHITE WILD TYPE 
Fig. 8.*— The results of aossing a -white-eyed female to a wild-type male. 

mediate as in the case of bar. This is described by saying that 
the W/+ gene is dominant, the white gene (w^) is recesshe. The 
diagrams (Figs. 8 and 9) show that the Fg results confirm the 
interpretation. The Fi females give eggs and iv eggs in equal 
numbers, and the results are all in agreement with those from 
bar, except only that B+ and B show no dominance, but give an 
intermediate. 

Tenninology. — ^The terminology for the genes used here needs 
an explanation. The symbol **-|-*' has in fact been used to repre- 
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seat two different things; the J5+ that acts as a mate to B and is 
concerned with eye-shape is not the same thing as the that 
acts as the mate of tv and is concerned with eye-color. If one 
wished to be exact, they should always be distinguished sls 
and as has been done here, but the simplified form -j- 
— with no base — is usual in cases where confusion does not arise. 

Certain technical terms, to be used later, can now be introduced. 
The genes B and are spoken of as alleles (or allelomorphs), 

WILD TYPE WHITE 

II t 


4- + w 



+ + w -f + w 

WILD TYPE WILD TYPE WILD TYPE WHITE 

Fig. 9.— 'The results of aossing a wild-type female to a white-eyed male. 

and the relation between them is that of alleUsm. The essential 
points in this relationship are that they act as mates at segregation, 
and that they are concerned in the development of contrasted 
characters of the organism. An individual with two like alleles 
(e.g., w/w or +/4') to be homozygous, om. that has two 

unlike ones (e.g., is said to h& heterozygous. The rela- 

tion of dominance may be reworded thus : when a heterozygote 
is not distinguishable (without breeding tests) from one homo- 

7.VD‘Af<“ J-t.- -tt 1 
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dominant to the one present in the distinguishable homozygote. 
This relation is only a relative one. We have seen that, in the 
case of bar, dominance in this sense is absent. Strictly speaking, 
it may be questioned whether w/-\- is really identical in appear- 
ance with -f-/+; certainly under special conditions it may be 
made distinct. This relative nature of dominance will be dis- 
cussed again. 

Y Chromosomes. — It will be observed that we have not taken 
into account the Y chromosome, which is the mate of the X, and 
segregates from it in the meiotic divisions of the male. The re- 
sults given are all consistent with the view that it may be neg- 
lected. This turns out to be the rule for sex-linked genes; the 
Y does not, in general, carry effective alleles of sex-linked genes. 
There are a few exceptions to this rule, but they are rare, and 
need not concern us now. This result is consistent with the fact, 
mentioned in Chapter I, that some species (such as grasshoppers) 
have no Y at all. 

SEX-LINKAGE IN MAN 

We have seen that the X-Y mechanism exists in man, as well 
as in Drosophila. It is, therefore, to be expected that sex-linkage 
will also occur in man, and several examples are known. The 
analysis here is more difficult, since pure strains do not exist, 
matings cannot be made as desired by investigators, families are 
small, and few generations are available for examination at any 
one time. The subject must be studied through the accumula- 
tion and analysis of pedigrees showing the inheritance of speci- 
fied characters. 

Color-blindness. — ^Perhaps the best-known example of sex- 
linkage in man is that of color-blindness. There are several types 
of color-blindness known; but at least the common type of red- 
green blindness behaves as a sex-linked recessive (see figure 10 
for a pedigree) . Color-blind men are found much more fre- 
quently than are color-blind women, since the latter must receive 
the mutant gene from both parents— and in fact color-blind 
women do have color-blind fathers — ^whereas a heterozygous 
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woman, herself with normal vision, will have sons half of whom 
are color-blind, regardless of the constitution of their father. 


Fig. 10, — A human pedigree illustrating the inheritance of red-green color- 
blindness. The black circles represent affected individuals. $ signifies female, 
$ signifies male. (After Holmgren and Gothlin.) 


ALL DESCENDANTS 
NORMAL 


Fig. II. — ^Human pedigree illustrating the inheritance of hemophilia. The black 
drcles represent ‘'bleeders/* (From Mohr, after Schloessmann.) 


Hemophilia, — ^Another sex-ltoked recessive gene in man is 
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blood fails to dot easily on exposure to air, so that even minor 
wounds are often fatal. A normal woman heterozygous for 
hemophilia produces sons half of whom are bleeders. These 
rarely survive to the reproductive age, since the disease is usually 
fatal in infancy or childhood. The result should be that homo- 
zygous females are rarely produced, and in fact none has been 
recorded. This gene has been present in certain European royal 
families, and, because the eldest sons of the last Czar of Russia and 
of the last King of Spain were afflicted with the disease, has had 
certain political consequences. 
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Problems 

1. If an Fj female from the mating of a wild-type Drosophila female* 

by a bar male is mated (a) to a male from the wild-type stock, 
or {b) to 3, male from the bar stock, what offspring are pro- 
duced in each case, and in what proportions? 

2. What is the answer to the above question if white is substituted for 

bar each time that term appears? 

3. From the mating of wild-type Drosophila female by white male, 

six F2 females are tested by mating them to white males. What 
is the probability that all of them will be found to be hetero- 
zygous for white? 

4. If parents with normal vision produce normal and color-blind sons, 

what proportion of the daughters will be heterozygous for color 
blindness? 

5. A woman has normal parents and a color-blind brother. What is 

the probability that her first son will be color-blind? 

6. Assuming that males with hemophilia never reproduce, from which 

one of the grandparents of an individual with the character did 
the gene for hemophilia come? 

7. A normal woman whose father was color-blind marries a man with 

normal vision. What proportion of her sons are expected to be 
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color-blind ? If her husband had been color-blind, what would 
have been the expectation for the sons? 

8. Look up in the Encyclopedia the pedigrees of the two princes re- 
ferred to in the text. Can you trace the gene for hemophilia 
back to a common ancestor? 



CHAPTER III 


AUTOSOMAL INHERITANCE 

Most of the chromosomes occur in the body-cells in pairs the 
members of which are alike. We have considered the special 
case of the X chromosome, which is represented only once in the 
male. The other chromosomes also contain genes, and the be- 
havior of these chromosomes in both sexes is like that of the 
X"s in the female. This is the more common type of inheritance, 
and the one that was first worked out by Mendel. 

Mendel.— Gregor Mendel, a monk at Briinn, carried out cross- 
ing experiments with garden peas, which led to the formulation 
of the fundamental principles of genetics in terms that are still 
satisfactory. The paper describing and explaining his results was 
published in 1866, but made no impression on his contem- 
poraries. It was, in fact, forgotten until after Mendel’s death. 
In 1900 it was brought to light by Correns, de Vries, and 
Tschermak, all of whom had been carrying on crossing experi- 
ments independently, and were able both to confirm Mendel’s con- 
clusions and to recognize their significance. The modern science 
of genetics began with this triple confirmation. 

Yellow and Green Peas . — Some of Mendel’s strains of peas 
had yellow seeds, others had green. This color is in the cotyle- 
dons, which form part of the plant that is to develop from the 
seed, not of the plant that bears the seed. Accordingly, it is not 
surprising that the two reciprocal crosses (yellow $ x g^een $ , 
green 9 X yellow $ ) give the same result, in the seed resulting 
immediately from cross-pollination. This Fi seed is yellow in 
both cases — /.e., yellow is dominant. A number of different con- 
ventions are in use for the designation of the genes concerned 
here; Mendel arbitrarily called them B (yellow) and (green), 
but we shall name them from the recessive allele, as though yel- 
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low is considered "wild-type.” That is, the green parent is 
the yellow g+g+, or simply +/+, and the Fi yellow is +/^. 

The 3 to 1 Ratio. — ^Mendel’s F2 generation was obtained by 
selfing the plants grown from the Fi yellow seeds; i.e., by pol- 
lination of a plant with its own pollen — ^self-pollination. In 
peas both male and female organs are present in the same flower, 
and self-fertilization is the usual method of reproduction. It was, 
therefore, only necessary to raise the Fi plants and harvest the 
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Fig. 12. — The results of a cross between green and yellow peas. The sym- 
bols above and to the left of the '"checkerboard” indicate the gametes produced 
by the Fi plants. 

i seed produced by them. The result was a count of 6,022 yellow 
seeds, 2,001 green ones. 

As shown in figure 12, the principles of segregation and ran- 
dom fertilization would lead to the following results: half the 
eggs are -f-, half are g; the same proportions occur in the sperms. 
The F2 should then be made up of -h/gf g/gf 

proportions 1:2:1. Since the Fi seeds were yellow in color, it 
follows that ~f-/g is yellow, like The expected ratio 

therefore is 3 yellow ; i green. It is obvious at once that this is 
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the ratio actually obtained. Given 8,023 seeds, the expected num- 
bers are 6 ,oi-iyi yellow to 2,005% green— or, since the fractions 
are meaningless, 6,017 to 2,006. The observed result differs 
from this by 5 seeds; i.e., if 5 of the yellows had been green the 
fit would have been as close as possible. 

The 1 : 2:1 Ratio ^Mendel verified the conclusions as to the 

mechanism involved here, in several ways. The Fa greens were 
shown to breed true, as expected of homozygotes {g/g) ■ The 
Fa yellows should be made up of homozygotes (+/-(- ) and 
heterozygotes {-y/g), in the ratio of 1:2. Yellow seeds were 
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lig, 13.— The results of crossing an Fi plant by a green-seeded one. The 
cross is shown for the case where the Fi is used as the female parent; the 
reciprocal mating (green pollinated by Fi) gives the same result. 

sown, and the seeds (F3, resulting from self-fertilization) borne 
by them were examined. Of the 519 plants so obtained, 166 
bore only yellow seeds (and hence were /-}-), 353 bore yel- 
low and green in the ratio of 3:1 (and hence were +/^) • 
expected numbers, on the 1:2 basis, are 173 to 346 — Le., the 
deviation is 7. Clearly, then, the true Fg ratio was, as expected, 
1:2:1; the observed 3:1 was due to the obscuring effect of the 
dominance already observed in Fi. 

Testcrosses. — ^The simplest way to test the hypothesis is to 
mate the heterozygotes to the recessive (green) strain, for here 
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r\o dominant genes are brought in by the homozygous recessive 
parent to obscure the result, and a simple i:i ratio may be ex- 
pected to result from the production of + S gametes in 
equal numbers by the heterozygous parent (Fig. 13). Mendel 
carried out this experiment, and found that the Fi -f«/g actually 
does produce equal numbers of -f- and g eggs (tested by pol- 
linating by g/g)i and also equal numbers of + and g sperm 
(tested by pollinating a g/g plant by a heterozygote) . 

Chromosomal Basis. — ^The parallelism to the behavior of the 
members of an ordinary pair of chromosomes (called auto some 
in distinction to sex chromosomes) is clear. The body-cells are 
duplex, each containing a member of each pair of chromosomes 
from one parent and one member from the other parent* they 
also carry one allele of each pair of genes from one parent, the 
other member from the other parent. Meiosis results in segrega- 
i tion of the members of the pairs, so that each gamete contains 
only a single chromosome of each pair, and likewise only a single 
allele of each pair of genes. In technical terms, these relations 
are expressed by saying that the body-cells are diploidf the 
I haploid: 

Other Characters in Peas.— Mendel also found a series of other 
; characters in his peas that were inherited in this same way. Some 
strains had wrinkled seeds, others had round ones. This again is 
a property of the cotyledons, so that the seeds belong to the gen- 
eration of the plant they are to grow into. In this case the Fi 
seeds were round, and F2 included 5,474 round and 1,850 
wrinkled seeds. Evidently round is dominant, and this is a 
reasonable approximation to a 3 :1 ratio. 

! Other characters were studied on the plants themselves. A 
tall and a dwarf variety gave a tall Fi generation; in F2 there 
were 787 tall to 277 dwarf plants. On crossing a variety with 
colored flowers to one with white flowers, the Fi was found to 
I have colored flowers; in F2 there were 705 colored and 224 white 

I flowered plants. In these and other cases the approximation to 

the expected 3:1 ratio is satisfactory. 

Incomplete Dominance. — Since MendeFs time it has been 
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shown that dominance is not complete in one of the cases he 
studied— namely that of round vs. wrinkled seeds; Microscopic 
examination shows that starch grains in the cotyledons of the two 
homozygous strains are different; those in the heterozygous seeds 
are intermediate, even though these heterozygotes look, to the 
naked eye, quite like the homozygous rounds. 

In some other instances the heterozygous class is easily and 
sharply distinguishable from both homozygotes. One well-known 
case of this sort is that of the Blue Andalusian fowl. The feathers 
of this breed are marked with a very fine mosaic of black and 
white, the effect being a slate blue. Breeders have long known 
that it is not possible to *'fix” this color; blues mated together 
regularly produce not only blue offspring, but also black ones, 
and a third type that is white, with scattered splashes of blue. 
The ratio between these three types is i black to 2 blue to i 
splashed white. This ratio at once suggests that we are dealing 
with a Mendelian case, where black and splashed white are the 
two homozygotes, and blue is the heterozygote. Tests show that 
this supposition is correct; blue mated by black gives i blue to 
I black; black by splashed white gives only blue offspring; blue 
by splashed white gives i blue to i splashed white; both black 
and splashed white, when each is mated to its like, breed true. 
Here, then, as in the case of bar discussed in Qiapter II, the 
heterozygote is intermediate, and dominance is absent. 

It was assumed, in describing the yellow-green pair of genes 
for seed color in peas, that dominance is complete — ^that +/-*[- 
and -p/g are really identical except in their breeding behavior. 
The question has been raised, whether really complete dominance 
ever occurs; however, for all practical purposes it is certain that 
dominance may be treated as complete in the majority of cases. 

Dominance in Measurable Characters. — When one is dealing 
with quantitative characters (/.e., characters that can be counted, 
measured, or otherwise determined in numerical terms) it is pos- 
sible to express the degree of dominance in exact terms. In the 
case of the bar eye of Drosoi^la, each eye is made up of a num- 
ber of separate diemenfe ; ((wmatidia, with superficial lenses or 


^ s 



AUTOSOMAL INHERITANCE 4: 

facets). These can. be counted; the results of such counts ar 
shown in figure 14. 

An autosomal recessive in Drosophila, known as "stubbloid, 
reduces the length of the bristles (Fig. 15). Here dominance i 
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where the curve for the heterozygote is clearly different from that 
for either homozygote, but overlaps one or both of them either 
slightly or widely. In still other cases the curves for the two 
homozygous classes may overlap; analysis then becomes difficult 
but not necessarily impossible. 

Dominance and Terminology.— The nomenclature of the genes 
is related to this question of dominance, since it is customary to j f 
use capital letters for dominant genes, small letters for recessives. ; 
In such cases as that of bar, neither allele is, strictly speaking, 
dominant. According to the system used in this book, however. 



4 5 6 7 8 9 10 n \2 13 14 15 16 17 16 
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Fig. 16 .’— Bristle length in Drosophila. Horizontal axis, length of a par- 
ticular bristle in arbitrary units; vertical axis, percentage frequencies for each 
of the three types shown. Homozygous wilitype cannot be distinguished 
from the heterozygotes. 

the selection of a specified standard of reference (the ** wild- 
type’’) determines the terminology in such a case. Since the bar 
type is the mutant one — the one that deviates from the standard 
wild-type — its name is used to designate the pair of alleles. Since 
the heterozygote, carrying one mutant gene and one gene, is 
easily distinguishable from the wild-type, the symbol is capital- 
ized, B. White is also a mutant type, and gives its name to the 
pair of alleles concerned; in this case the heterozygote cannot be 
distinguished from wild-type, so the small letter w is used. It 
should be emphasized that this system has been developed only 
as a matter of convenience; specifically, no theoretical importance 
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is to be attached to the convention of treating bar as a dominant 
—the fact is, however, that in actual experiments it is most often 
convenient to plan to distinguish B/+ from rather than 

B/^ from B/B; and the former plan amounts to using bar as a 
dominant mutant type. 

Taste Reaction. — Examples of Mendelian differences cited so 
far have been chiefly those in which we were concerned with vis- 
ible differences- — colors, sizes, shapes. These are usually the most 
convenient types to work with; but there are other, less obvious 
kinds of characters that show the same kind of inheritance. For 
example, in man it has been found that individuals differ in their 
ability to taste an organic chemical called phenylthiocarbamide 
(known also as phenyl thiourea). As ordinarily used in tests, 
this substance has a strong and unpleasant bitter taste to about 
7 out of lo persons, while to the remaining 3 it is tasteless. 
Analysis of pedigrees shows that this ability to taste the substance 
is due to a dominant gene. When both parents are non-tasters, 
all the children are also non-tasters. Families with one or both 
parents as tasters give proportions of the two classes in agreement 
with expectation (see Chapter XVIII for more detailed dis- 
cussion). 

CHARACTERS CLASSIFIABLE IN HAPLOID TISSUES 

Waxy Maize,— There are a few instances in which segregating 
genes produce effects that may be identified in the haploid stage 
of the life-history; in such cases the segregation is very striking, 
since it is not necessary to deduce what has happened by taking 
into account the contribution from the other parent. Such an 
example is that of the waxy character in maize (Indian Gorn, or in 
American terminology, corn). This character, found in certain 
strains, was originally named from the waxy appearance of the 
kernels. The most certain method of identification is by staining 
with iodine. Most varieties give a blue color with this treatment 
— the familiar color obtained on treatment of starch with iodine. 
The starch in waxy kernels, however, gives a red color on such 
treatment. If normal and waxy strains are crossed, the F^ is 
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normal, and in F2 a ratio of 3 normal to i waxy is obtained. In 
other words, the waxy character is due to a recessive gene (wx). 
The peculiar red color on staining with iodine also occurs in the 
starch present in some parts of the plant other than the kernels*^ 
— e:g.j in the pollen grains. If the pollen grains of an Fi plant 
(from the crossing of normal and waxy strains) are stained, it 
is at once evident that half of them are blue, half are red. 

Waxy and the Life Cycle of Maize. — ^The significance of 
this result, and of others concerning the distribution of the red- 
staining starch in the hybrids, becomes clear if we consider the 
behavior of the chromosomes in the life-cycle of the maize plant 
(Fig. 17).^ The diploid tissue, corresponding to the body-cells 
of an animal, is known as the sporophyte, and constitutes most 
of the plant ordinarily seen — ^the stem, leaves, roots, flowers. 

In the male organs (anthers) and in the female ones (ovaries) 
lie certain cells which undergo the two meiotic divisions and 
thereby produce haploid cells. These cells do not, as in animals, 
form the gametes directly, without further divisions; on the 
contrary they undergo two divisions (in the anther) or three (in 
the ovary), to produce small structures that are haploid, and are 
known as the male and female gametophytes, respectively. One 
nucleus from a gametophyte functions as a gamete (sperm or 
egg) , and the fusion of these at fertilization initiates the develop- 
ment of a new sporophyte (diploid, since each gamete introduces 
a haploid set of chromosomes). 

Male Gametophyte. — ^The pollen grain is the male gameto- 
phyte. The cell from which a single pollen grain develops, which 
is haploid and the immediate result of two meiotic divisions, is 
known as the microspore; the cell that undergoes two meiotic 
divisions to produce four microspores is known as the microsporo- 
cyte (sometimes called the poUen-mother-cell, by some authors 
abbreviated to PMC). The nucleus of the microspore divides 
(without a division of the cell itself); one product is the tube- 

1 The account of the life histocf that follows applies to maize. It may be 
taken, however, as applying also to seed-plants in general, with the proviso 
Uiat some of tlie details differ from one group of plants to another. 




signifies one conaplete (haploid) set of chromosomes. 
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nucleus, the other divides again to form two sperm-nuclei. The 
mature male gametophyte thus contains three haploid nuclei; but 
all of them are genetically alike, since they arise by division of 
a single haploid microspore nucleus. It follows that, in a hetero- 
zygote, half of the pollen grains contain -p, the other 

half u/Xs The iodine test shows that the starch in each kind stains 
according to its genetic constitution. Here, then, it is possible 
to study the results of segregation without the intervention of 
fertilization between the occurrence of meiosis and the time the 
observations are made. The simple i:i ratio results directly. 

Female Gametophyte.— The diploid cell in the ovary that" 
undergoes meiosis is called the megasporocyte (sometimes embryo- 
sac mother-cell, abbreviated to EMC), the four haploid cells pro- 
duced by it are the megaspores. Three of these degenerate (com- 
pare with the polar bodies in the animal egg), and the fourth 
undergoes three successive nuclear divisions. The result, the fe- 
male gametophyte (or embryo-sac), is a small structure containing 
eight haploid nuclei. Only one gametophyte is produced by each 
diploid megasporocyte; but, in a heterozygous plant, two mega- 
spores receive one allele, while the remaining two receive the 
other allele. It is a matter of chance which allele is present in 
the single survivor. In the ^/^u^x heterozygote this can be 
directly confirmed, since the iodine test shows that half the female 
gametophytes stain blue, the other half red. 

Fertilizatiott.— Three of the haploid nuclei present in the fe- 
male gametophyte take part in the further development. One of 
them is the egg-nucleus, and it fuses with one of the two sperm 
nuclei from the pollen, to form the initial diploid ceil from which 
the new sporophyte of the next generation develops. The other 
sperm nucleus of the pollen also enters the female gametophyte 
at fertilization, and there fuses with of the haploid nuclei de- 
veloped from the megaspore. The resulting triploid nucleus forms 
the beginning of the endosperm, which makes up a large part of 
the kernel of maize, but is not included in the mature sporophyte. 
The endosperm thus contains two maternal sets of chromosomes, 
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one paternal. In the case of waxy, the iodine test shows that 
and all stain blue, wx/wx/wx 

stains red. That is, wx is recessive to -p? when one -p 
and two wx genes are present. It results from these relations 
that, if a -j--/wx plant is pollinated by a wx/wx one, the kernels 
with normal and with waxy endosperm are equally numerous; 
if a ^/ivx is self-pollinated the ratio is 3:1. 

It will be seen that there is a correlation between the constitu- 
tion of the endosperm and the embryo contained in the same 
seed. The two sperm-nuclei of a pollen grain are identical in 
composition, and the egg nucleus is identical with each of the 
maternal components of the endosperm. It must be expected, 
therefore, that kernels with normal starch will give rise to plants 
like the pure non-waxy strain (-(-/~p) or like the Fi plants 
(^j^/wx)y those with waxy endosperm will give rise to plants like 
the pure waxy strain {wx/wx)\ this expectation is, in fact, real- 
ized in practice. 

In this case, then, it is possible to use the iodine test to deter- 
mine the constitution of each of the characteristic tissues, and to 
show that there is a detailed and exact step-by-step agreement be- 
tween the cytologically observed behavior of the chromosomes 
and the distribution of the 4- and genes. 

Constancy of the Genes. — It is clear, in the examples given 
here and in Chapter II, that the two different alleles present in a 
heterozygote are recovered unchanged in the following genera- 
tion. A recessive gene suffers no modification when it is carried 
for many cell-generations in an individual that shows the domi- 
nant phenotype. Another proof that the nature of the genes is 
not affected by the nature of the body that carries them has been 
furnished by certain experiments of Castle and Phillips. There 
is a white (albino) strain of guinea-pigs, that differs from fully 
colored strains by a single recessive gene, The ovaries of an 
albino female were removed, and those of a colored female were 
implanted in their place. The albino female was then mated to 
an albino male, and produced six young— all of them colored 
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The implanted ovary was nourished by the blood of the albino 
female for from four to ten months, but the genes contained in it 
were not affected. 

Evidence of this kind is sufficient to show that an influence of 
the body cells on the genes may be disregarded as a possibility 
in genetic experiments. Expressed in other words, which repre- 
sent the traditional formulation, acquired characters are not 
inherited. 
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Problems 

1. If the Fi plants from green by yellow peas are crossed to the yellow 

parent, what colored seeds are produced? How would you, de- 
termine the constitution of the resulting plants, and what types 
would you expect? 

2. Maize is normally wind-poIHnated. If seeds of pure strains of waxy 

and normal maize are planted in alternate rows, what kinds of 
seeds and what kinds of pollen grains are produced on the two 
types of plants? 

3. Sugary endosperm (sweet com) in maize is inherited as a simple 
^ recessive, like waxy so far as the endosperm is concerned. 

There is, however, no visible effect in the pollen grains. Why is 
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it not desirable to plant sweet corn in plots adjacent to field corn 
(normal) ? 

4. If a breeder of Blue Andalusians wished to guarantee that only blue 

chicks would hatch from the eggs he sold, outline a breeding 
procedure he might follow, llie proposed plan should cover 
three generations, 

5. Rose comb in the fowl is dominant to single comb. The Wyan- 

dotte breeds are rose-combed, but many strains have the recessive 
allele for single comb present in them, with the result that occa- 
sional birds are homozygous for it. How would one eliminate 
the allele for single comb from a flock? 

6. In human pedigrees normal individuals are shown by open figures, 

and abnormal ones by solid figures. In the following hypothet- 



ical pedigree what is the probable inheritance of the character 
shown? So far as can be deduced, give the genotypes of the 
individuals shown in the pedigree. 

7. Albinism in man is, at least in some instances, inherited as a sim- 

ple recessive character. If a couple, each member of which is 
heterozygous for albinism, have four children, what is the prob- 
ability that there will be three albinos and one normal? 

8. As stated in the text, Mendel obtained 5,474 round to 1,850 

wrinkled peas in the F2 generation. With this number of indi- 
viduals, calculate the numbers required for a perfect fit to a 
3:1 ratio. What is the deviation from this? Gilculate the 
standard error for this ratio with this number of individuals. 
Is this a satisfactory agreement between theory and observation? 
Explain. 
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9, In the F2 generation of a cross between normal and tassel-seed 
(seeds in the staminate inflorescence) maize plants, 249 normal to 
72 tassel-seed plants were obtained. What is the approximate 
probability that the deviation from a 3:1 ratio could be the re- 
sult of errors of sampling? 



CHAPTER IV 


INDEPENDENT ASSORTMENT 

Mendel investigated the behavior of pea plants in which two 
pairs of genes were segregating. As previously described, the 
seeds may be either yellow or green (the corresponding genes 
being designated and g), and their shape may be round or 
wrinkled (the genes concerned here being designated and w) . 
Mendel crossed a round yellow race g'^/g ^ — ^usually 

written simply g+ ) to a wrinkled green one {uj/w g/g — or 
simply 2^/g). 

Two-character Segregation. — ^The Fi seeds were, as expected, 
round and yellow, owing to the dominance of g+ and In 
what follows it will be convenient to designate these as g+, 
though in fact their formula is really /w g‘^/g. Their appear- 
ance is round yellow, though they are heterozygous. It is con- 
venient to distinguish, in such cases, between the appearance of 
individuals, called their phenotype^ and their genetic constitution, 
ot genotype. In the present case, the Fi seeds have the same 
phenotype as one of the parental strains, but differ from them in 
their genotype. It is often convenient to use the symbols for the 
genes to represent the phenotype. This has to be done with care, 
to avoid confusion; but it saves enough space (and often elab- 
orate circumlocutions) to make it worth while. The convention 
is, in such cases, to write a single symbol for the dominant allele, 
if either one or two are present, and a single symbol for the re- 
cessive allele if the individual is homozygous for it. The cross 
outlined above would then be written, in terms of phenotypes: 

Testcross Method. — ^Mendel studied the segregation in the 
doubly heterozygous Fi plants by crossing them to plants homo- 
zygous for both recessive alleles— to the wrinkled green 
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Strain. This method, which avoids the complications that arise 
when dominants are contributed by both parents, is known as the 
method (sometimes the less exact itim backer oss^^ is 
used, though it is properly employed only for a cross to one of 
the parental strains) . In the present case, Mendel obtained the 
following results: when the Fi was pollinated by w 
26 g, 27 26 w g; when the ip g plants were pollinated 

by the Fi — 24 g'^y25 g, 22 iP 26 tp g. It is clear that, 

in each case, the four possible classes of gametes were produced 
in equal numbers. Each of the two pairs of alleles segregated in 
a i:i ratio, and the two pairs were wholly independent, giving a 
1 : 1:1:1 ratio when considered together (Fig. 18). 

gg w W9 X g'^g vCvd 
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Fig. 18.— Testcross of a double heterozygote in peas. The result is the 
same if the reciprocal cross (heterozygous female pollinated by recessive) is 
made. , ■ ■ 


lEdependent Assortment — ^This principle of independent as- 
sortment (sometimes known as "Mendel’s second law," segrega- 
tion being considered the "first law") is of widespread application; 
it is, however, not universal— much of this book will be taken up 
with discussions of exceptions to it. Independent assortment is, 
in fact, the rule that applies to genes carried by separate chromo- 
some pairs. There is cjtological evidence, now to be considered, 
that tihe segregation of separate pairs at meiosis does itself follow 
the rule of independence. 

Cytological Basis of Independent Assortment. — Carothers 
studied the meiotic divisions of a grasshopper, Brachystola magna, 
in which there was a heteromorphic pair of autosomes. One mem- 
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ber of this pair was distinctly larger than its mate; the X, as 
usual in grasshopper males, had no mate. Carothers was able to 
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Fig, i9,"-The results of crossing a round yellow-seeded pea by one with 
wrinkled green seeds. 


determine that, when segregation occurred, the larger member of 
the heteromorphic pair passed to the same pole as the X in 154 
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of the cells examined, while in 146 cells the larger member of 
the pair and the X went to opposite poles. Here, then, is direct 
cytological proof that the segregation of the heteromorphic . pair 
and the unpaired X was independent.^ Other cases have since 
given similar results when studied cytologically. 


Genotypic ratio Phenotypic ratio 



Results of combining ratios for two segregating gene pairs. 


The 9:3:3 :1 Ratio. — From the results of Mendel’s testcrosses 
it is possible to predict the results of selfing an Fi round yellow 
pea plant. As figure 19 shows, random combinations of the four 

1 These observations were maele at the first meiotk division. The relations 
here will be more easily understood after the discussion of meiosis in Chap- 
ter V. 
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kinds of eggs and four kinds of sperm give the nine possible 
genotypically different classes, in frequencies (per 1 6) ranging 
from I to 4. Collecting phenotypicaliy like classes the result is: 
^ w xwg. The numbers actually obtained 

by Mendel were: 315 (round yellow), 108 g (round 

green), loi w g-^ (wrinkled yellow), 32 (wrinkled green) 

• — obviously a close agreement with the expected 9:3:3:!. 

£L 

64 

64 a-^h^c 
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64 ^ 


64 ^ ^ 


64 ^ ^ 

Results of combining phenotypic ratios for three gene pairs. 

This ratio, 9:3:3:!, is characteristic for the Fa when two inde- 
pendently inherited pairs of alleles are concerned. It is a pheno- 
typic ratio when dominance is complete. If we combine alge- 
braically the genotypic ratios for two independently segregating 
gene pairs, we have the results shown on page 54. As this 
shows, the genotypic ratio (which would ^ realized pheno- 
typically also if both pairs of alleles gave distinguishable hetero- 
zygotes) is i:2:i:2:4:2:i;2;i. 
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Either of these two methods may be used for working out the 
expectations from such crosses as these. The second, or algebraic, 
method is more convenient when one is dealing with more than 
two independent pairs of genes. Its use in a hypothetical case for 
three pairs, with complete dominance, is shown on page 55 (F2 
phenotypes only are indicated). 

In general, if an individual is segregating for independent 
genes, there will be produced 2” kinds of gametes in equal num- 
bers. On selfing, or mating together two such individuals, the 
completely homozygous recessive type (or any other complete 
homozygote) will constitute (%)” of the resulting progeny. 

MODIFIED RATIOS BITE TO INDISTINGUISHABLE CLASSES 

The 9:3 :4 Ratio. — ^The phenotypic ratios are subject to several 
types of modifications, due to resemblances between classes. One 
common type may be illustrated by a cross in guinea-pigs. The 
wild-type here has a reddish gray coat, called agouti. There exist 
several recessive mutant variations of this; one has a wholly black 
coat, another is an albino, with a white coat and unpigmented 
iris in the eyes. Using the symbols and a to designate the 
genes concerned, the wild-type is 4+/4+, the black race 

Is b/b 4-^/4+, the albino is b'^/b^ a/ a. If, now, we cross a black 
by an albino, the ¥% animals have the constitution a^/a; 
since both q- alleles are dominant, these animals are phenotyp- 
ically wild-type. If they are mated together, the F2 consists of 
9 wild-type, 3 black, 4 albino (Fig. 20). This ratio arises from 
the fact that and b/b are indistinguishable in aja 

animals — evidently because in such animals no pigment develops 
in the coat, and therefore the action of the J? alleles cannot be 
detected. If the F2 albinos are tested, by mating them to the 
pure black strain, it can be shown that this interpretation is cor- 
rect; genotypically they fall into the classes fb, b/b, 

in the expected ratio 1:2:1. The 9:3:4 ratio is, then, a 9:3:3:! 
ratio in which the last two classes are phenotypically alike. 

The 9:7 and 27 :37 Ratios. — ^In sweet peas there are two kinds 
of recessive white flowers, each breeding true on selfing; the two 
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kinds are indistinguishable. When they are crossed, the Fi is 
colored; on selfing Fi plants, the F2 ratio is 9 colored to 7 white. 
Here it is evident that either single recessive is white, and the 
double recessive cannot go further; accordingly the last three classes 
of the 9:3:3:! ratio are all phenotypically alike, and a ratio of 
9:7 is obtained. Here also, the conclusion may be verified by 
testing the F2 whites against the parental strains, thus determining 
their genotypes. 

If another gene-pair is present, giving an Fi heterozygous for 
three indistinguishable recessive types, with no summation effects, 
the F2 ratio becomes 27:9:9:3:9:3:3:1, with all classes except th 
first phenotypically alike, i.e., 27:37. 

The 13:3 Ratio.— In maize there are several kinds of white 
kernels. Some of these are due to recessive mutant genes, and on 
crossing give wild-type in Fi, with 9:7 or 27:37 colored to white 
respectively in F2 just as in the cases enumerated. There is also 
a dominant white kernel, which, when crossed to colored, gives 
white in Fj and 3 white to i colored in F2. If this dominant 
white is crossed to a recessive white, Fi is white, as expected. 
In F2 there are 3 dominant white to i without dominant white; 
but % of this latter class are homozygous for the recessive white. 
The resulting ratio is 13:3 white and colored, respectively. 

Other Fa Ratios.— Still other phenotypic ratios are possible. If 
the first two classes are indistinguishable from each other, the 
9:3:3: 1 becomes 12:3:1; if the first three cannot be separated 
from one another it becomes 15:1, The latter ratio is fairly 
often encountered. One example is found in Bursa, the Shep- 
herd’s Purse. In the usual form of this common weed the seed- 
capsules are broad and flat. There is a race that has narrow, 
nearly cylindrical, capsules. If the two are crossed, Fi has broad 
capsules; the narrow type reappears in F2 in of the plants 
(actual numbers recorded by Shull in one experiment, 7,943 
broad : 506 narrow). Tests of the broad-capsuled F2 individuals 
show that the interpretation is correct; many of them, being homo- 
zygous for one of the two recessives and heterozygous for the 
other, give 3:1 ratios in P3. 
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This type of case, where a phenotypic effect is produced only 
by the simultaneous homozygosis of two recessives, sometimes 
occurs in the form where still another recessive must be homo- 
zygous. In this case the F2 ratio for a triple heterozygote, 
27:9:9:3:9:3:3:1, is modified by the fact that the first seven 
classes as listed above cannot be distinguished from one another; 
the resulting ratio is 63:1. 

Distinguishing Different Ratios, — Some of the ratios described 
above are not markedly different, though they result from different 
types of phenotypical complications. In practical work it is often 
difficult to distinguish, for example, 9:7 from 27:37, 13:3 from 
3:1, or 15:1 from 63:1. In such cases the rearing of large fam- 
ilies is desirable, for this will reduce the error due to random 
sampling— increase the probable significance of a deviation from 
one of the possible ratios. In general, however, where it is pos- 
sible to do so, it is better to test the F2 individuals or to make a 
testcross of the Fi, since the information from such crosses is 
likely to give a more direct and critical test of the genotypical 
constitution of the population. Limitations of time, space, or ex- 
pense, however, often make it necessary to be as sparing as possible 
of such tests. 

OTHER KINDS OP MODIFIED RATIOS 

There exist other reasons for preferring tests of individuals 
rather than increasing the size of the Fg families in cases where 
the significance of the ratios is doubtful. We have so far taken 
into account only the effects of random sampling as leading to 
distortion of ratios; but at least two other possible causes of dis- 
tortion must usually be reckoned with — ■misclassification of indi- 
viduals, and differential viability. 

Misclassification.- — It is often desirable to work with types that 
can be distinguished only with difficulty, in which case some indi- 
viduals may be classified wrongly. In other words, if the range 
of variation of the phenotypes overlaps, the ratios obtained may 
be misleading. In such cases tests of the genotypical constitution 
of individuals— breeding tests — ^must be resorted to. 
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Differential Viability.— Some types are less vigorous than 
others, with the result that, even if a given ratio was exactly real- 
ized at the time of fertilization, the death of a greater proportion 
of one class than of another may seriously distort the relative fre- 
quencies before one records the results. There are three ways in 
which this difficulty can be minimized: in some cases it is pos- 
sible to estimate the total mortality (by counting eggs or seeds, 
and comparing with the number of individuals present when 
classifications are made), thus setting a limit on the possible 
distortion of the ratios; sometimes it is possible to decrease the 
total mortality by improving culture conditions, thereby presum- 
ably also decreasing the diferential mortality; the third method is 
to make tests of the surviving individuals. The latter method may 
be illustrated by a hypothetical example. 



Suppose one crosses two races, and in F2 obtains a ratio near 
15:1; suppose further that the recessive class is suspected of hav- 
ing low viability. The problem is, does this represent a true 15:1 
ratio, or is it a 3:1 distorted by low viability of the recessive 
class? In other words, are we concerned with one pair of genes, 
or with two? In general, the simplest test here is to determine 
the constitutions (by selfing if possible) of the F2 plants belong- 
ing to the dominant class. If we are dealing with a single pair 
of genes, one third of them will breed true and the other two 



thirds will segregate recessives in the same proportion as did the 
Fi when selfed. If the true ratio is 15:1, the F2 dominants will 
fall into three classes: %§ will breed true, will give a 15:1 
ratio, ^5 will give , 3:1. Tliese relations can readily be worked 
out by means of the checkerboard method. Such a test, giving 
information on the genotypical constitution, will always be more 
satisfactory than will the same number of individuals classified 
only by phenotypes. 
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Problems 

1. If an F2 is segregating for a single gene, what is the probabiKty 

of a given individual being homozygous recessive? If two 
genes are segregating, what is the probability of an F2 indi- 
vidual being homozygous recessive for both of them? In the 
same way, if three and four genes are segregating, what is the 
probability of an F2 individual being homozygous recessive for 
three and four genes respectively? What is the general rule 
for the probability of obtaining an F2 individual homozygous 
recessive for n genes? 

2. Repeat the above problem substituting heterozygous for homozy- 

gous recessive. 

3. In an F2 segregating for genes a and b, what is the probability of 

obtaining each of the following genotypes : 

a. -| — h “I — h 

b. — |— b 

c. -j- + ^ ^ 

d . 4“ ^ ^ 

e. a a b 

4. In an F2 segregating for three genes a, b, and c, what are the 

probabilities of obtaining individuals of the following pheno- 
types: 

a. + + + 

b. + + f 

c. d ^ ~|-. 

What are the probabilities of obtaining the following geno- 
types: 

a. 4 — b -j- 4- 4- 4 - 

b. 4- 4- 4~ b 4 " ^ 

c. 4- d 4- + c 

d* 4 - d 4 " i 4 ~ + 

5. In a self -fertilizing plant, what proportion of the F2 individuals 

from an F-^ heterozygous for three genes will breed true in Fg? 

6. It is possible to obtain the same Fi and F2 results, with guinea- 

pigs, as are described in the text and illustrated in figure 20, 
using as original parents an agouti and an albino. What geno- 
types should such agoutis and albinos have? 

7. What phenotypes and in what relative frequencies would be ex- 

pected in Fi and F2 from a cross of a white-eyed Drosophila 
female by a stubbloid male? (White is a sex-linked recessive 


62 AN INTROPUCTION TO GHNETIGS 

and stubbloid is an autosotnai recessive, and each original 
strain carries the dominant wild-type allele of the mutant pres- 
ent in the Other.) 

8. Black body and scarlet eyes are independent autosomal characters 

in Drosophila. An Fj female from the cross black X scarlet 
is mated to a male from the cross black X black scarlet. What 
phenotypes are expected among the offspring and in what rela- 
tive frequencies are they expected? 

9. There are three true-breeding strains of maize: one with white 

aleurone, one with purple, and one with red aleurone. White 
X pnrple gives white in and three white to one purple in 
Fg ; red X purple gives purple in Fj and three purple to one 
red in Fg. What would you predict for Fj and Fg on crossing 
white and red? 

10. In Fg of a cross of a white-flowered plant by a purple-flowered 

plant, there are 380 purple to 100 white-flowered offspring. 
What is the probability of getting a deviation as great or greater 
than this from a 3:1 ratio as a result of sampling errors? Of 
the other ratios given in the text, which ones could fit these 
data? Assuming that the plant concerned can be self-pollin- 
ated, and that, in the following year, space is available for 
growing only 500 plants, how would you differentiate between 
the various possible interpretations of the Fg results? 

11, Two true-breeding types of maize with colorless aleurone give col- 

ored aleurone in Fi and 9 colored to 7 colorless kernels in Fg. 
Remembering that a given plant can be used as a pollen parent 
in several crosses and can also, if desired, be self -pollinated as 
well as outcrossed, how would you distinguish the different 
genotypes in the Fg generation? Remember that the parental 
strains can be made use of in tests. 



CHAPTER V 


LINKAGE 

In previous chapters we have considered simple cases of Men- 
delian inheritance; those in which no more than a single gene pair 
for each chromosome pair was followed. It was early realized that 
since organisms have a limited number of chromosomes, the num- 
ber of independently segregating gene pairs must be limited 
accordingly. With the active study of heredity following the 
rediscovery of Mendels paper, it was soon found that the number 
of characters that individually followed Mendelian principles was 
greater than the number of chromosome pairs to which the differ- 
entiating genes could be assigned. For a number of years this 
apparent discrepancy was advanced as an argument against the 
chromosome theory of heredity. The proponents of the theory, 
however, early pointed out that this argument was valid only so 
long as the principle of independent assortment held. With the 
rapidly increasing body of data concerning inheritance of simple 
characters, it became evident that independent segregation was in 
fact far from universal in its application. 

Purple-vestigial Crosses. — ^The eye color mutant known as 
purple (pr) in Drosophila is a simple autosomal recessive 
character. A small wing character, called vestigial — 
Fig. 2i), is likewise a simple autosomal recessive. Unlike pre- 
viously considered cases of more than one character, purple and 
vestigial are not inherited independently. By means of special 
techniques which will be considered later, it is nevertheless pos- 
sible to have both of these characters represented in a single indi- 
vidual. If a female that is both purple and vestigial 
is crossed to a wild-type male, the sons and daughters are all wild- 
type. This is the result we would expect, since crosses in which 
these two characters are involved separately show that the wild- 
type parent must contribute a dominant allele of the purple gene 
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Fig. 2 1— Various wing and bristle characters in Drosophila. (Drawn bv 
E. M, Wallace.) 

Md also a dominant allele of the vestigial gene. If the Fi males, 
from the cross purple vestigial female by wild-type male, are 
tested by crossing to double recessive females genetically like the 
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purple vestigial parent {i.e., the testcross method), there result, 
instead of the four types expected with independent segregation, 
two types only, in equal numbers, and these are like the original 
parents, purple vestigial and wild-type. 

An actual experiment of this type made by Bridges gave the 
following result: 

Parents $ X $ 

F, (rltil 


Testcross — pr pg 2 X $ 

wild-type (/?r+ pg+) . . . , . . . . * . . . 519 
purple vestigial (pr pg) . . . ...... 552 

vestigial (pr+ pg) , o 

purple (pr ... . . . . . . . ... . . o 


(Note: A double male or female sign, $9 , is a plural form.) 


It will be noted that in this example the original cross is the re- 
ciprocal of that previously indicated. In this original cross it 
makes no dijfference in the final result whether the double reces- 
sive is used as the male or the female parent. 

In this cross, it is evident that the gene remains with the 
pg gene during the process of meiosis. In the same way, the two 
wild-type alleles, pf+ and remain together as they were in 
the original parent ^ ^ ^ ^ ^ ^ 

Parental Combiimtions Recovered.— If the doubly heterozy- 
gous Fi male is obtained from a cross Pg 2 X P^ ^ recip- 
rocal, pr 2 X ^ would give the same result) and is similarly 
tested by crossing with a pr pg $ , the result is different. In an 
actual test (Bridges) such an experiment gave results as follows: 


0 

'.'O' 

353 

346 


pf+ Pg 9 X pr Pg^ 


p r ^ pg 


99 and 


pr pg+ 

Testcross— pf 9 X ^ 

wild-type (pf*^ pg'^) . . . . 
purple vestigial (pr Pg} ^ 
vestigial («^g) ....... . . 

purple (pr) . . ... . . . . . 
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Here, again, there result two classes only, and these in equal num- 
bers, but now the two classes are purple and vestigial. The first 
experiment shows that where the genes pr and vg are originally 
together they remain together, and the second shows that where 
they were originally separate, the parental combinations remain 
together just as persistently. This phenomenon is known as link- 
age. Several explanations of linkage have been advanced in the 
past, but it is now quite clear that the correct interpretation is 
that genes are linked because they are carried in the same chromo- 
some pair. This may be represented schematically in the follow- 
ing way: 

pr vg . pr+ vg^ 
pr vg 

Sperm formed by Fj $ — pf+ vg+ and pr vg 

Here, following a convention previously indicated, chromosomes 
are represented by horizontal lines. Here, too, the formula is 
usually simplified by omitting the second horizontal line, and, 
further, by dropping the bases that distinguish one wild-type 
allele from another. This does not introduce any confusion since 
each -f is placed immediately above or below the symbol for the 
corresponding mutant gene. Following these simplifications we 

represent the above Fi by the formula The other pos- 

pr vg 

sible arrangement, namely that in which the recessive alleles are 
in different homologs, is indicated by the formula 

P^ 

It IS sometimes convenient to specify briefly one or the other 
of these two arrangements of genes and for this purpose the 
terms coupling and repulsion are often used. Coupling signifies 
that the two recessive alleles are carried in one chromosome and 
the two dominant alleles in the other. This is so without regard 
to whether one or both mutant alleles are dominant. These terms 
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are based on a now universally abandoned interpretation of link- 
age and therefore have historical significance only. They are, 
however, met with rather frequently in genetical literature. 

INCOMPLETE LINKAGE 

The examples given above illustrate a special case known as 
complete linkage. The essential characteristic of this simple case 
is that only parental combinations of genes are represented among 
the gametes of the Fi heterozygote. In other words, chromosomes 
are transmitted from parent to offspring as units. Complete link- 
age is by no means the general rule. As a matter of fact, if we 
repeat the experiments described above, using Fi females rather 
than males in the testcross, the results will be quite different. 
Testing FT daughters from the mating wild-type female by purple 
vestigial male, Bridges obtained the following results: 
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pr 
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+ 

vg 





pr 

+ 




154 




Total 

2,839 


Here the four possible phenotypes for these two characters are 
all represented. There are, however, about nine times as many 
flies phenotypically like the parents as flies of new combinations. 
Here then there is a tendency for the genes to remain in the 
combinations in which they were associated in the parents; but 
this tendency, unlike that in the case of gamete formation by a 
male of identical genetic constitution for these gene pairs, is not 
complete. The proportion of new combinations is usually ex- 
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pressed as a percentage of the total. In the example just given 
it is X or 10.7 per cent. 

PareEtal Comhinations Most Numerous.— If a testcross is made 

using the Fi female of the constitution it l — and a homozygous 

pr ^ 

pr vg male, results similar to the following (from Bridges) will 
be obtained: 


p 

+ 

8 X ^' + 3 


+ 

n pr + 

Fi 

+ 

$2 and $$ 


pr 

+ 

Testcross: F, 

9 X 





pr vg 

+ 

+ 

157 

pr 

n 

146 

+ 

Pg 

965 

pr 

+ 

1,067 

Total 2,335 


Here, again, the parental combinations are more numerous than 
are the new combinations. In this example 13.0 per cent of the 
individuals from the testcross are new combinations. This per- 
centage is not very different from that obtained when the pr and 
pg genes were originally in the same chromosome. 

Many experiments similar to those just described have been 
made and it is a general rule that for the two gene pairs pr and 
pgi regardless of the arrangement in Fi, the percentage of new 
c<^binations is constant within reasonable limits. In practice this 
relative uniformity is attainable only by keeping genetic and en- 
vironmental factors reasonably constant. 

Linkage between Sex-linked Genes. — It has been indicated 
above that linkage results when two pairs of alleles are carried in 
a single pair of chromosomes. We have already seen (Chapter 
II) reasons for supposing that sex-linked genes are carried in the 
X diromosomes; if cwdusions are correct, it should follow 
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that different sex-linked genes are linked to each other. The case 
now to be considered shows that this deduction is correct. 

If a female homozygous for the two sex-linked recessive genes 
yellow body (y) and white eye is crossed to a wild-type 
male, the daughters will be phenotypically wild-type, and geno- 
typically heterozygous both for y andi for w; the sons will be y w. 
This cross can be represented schematically as follows: 


w 


y ^ 
H — h 
y ^ 


X + + ^ 

$$ and y w $$ 


It should be remembered that males have only one X chromo- 
some plus a Y chromosome. The Y chromosome is frequently 
represented in formulae as a hooked horizontal line 
but in most cases it is simpler to omit this. We have already 
pointed out (Chapter II) that the Y chromosome does not carry 
alleles of ordinary sex-linked genes. 

Since, in the cross indicated, the Fi males are all yellow white 
(y «4'), mating of Fi females and males to give the F2 generation 
is the equivalent of a testcross, and both females and males of the 
F2 can be used as a measure of gametic frequencies. Actual 
crosses of this type made by Dexter gave in Fg: 


+ + 

y 4“ 

y u/ 


8,093 

93 

81 

6,672 


New Combinations 


Total 
174 = 


H,939 

: 1.2 per cent 


Here the proportion of new combinations is lower than that for 
the autosomal genes pr and vg. 

The yellow female by white male cross gives wild-type daugh- 
ters and yellow sons (y -p). Here the F2 results are 

not’ the equivalent of those from a tetcross since the F2 females 
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each receive an X chromosome from the Fi yellow males, and all 
will consequently be phenotypically not- white. Nevertheless it is 
not essential to make a special testcross to measure the frequency 
of recombinations. The Fa males get their Y chromosomes f-^-' 
the Fi males, and their phenotypes are a direct indication o; 
genotypes of the gametes produced by the Fi female. To c< 
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Fig. 22.---Checkerboard diagram showing the genotypes and the frequem^-^i 
des with which they are expected in the F2 generation of the cros.< 

y 4" $ X + w' ^ I^rosophila, 


these relations, we can make use of a checkerboard diagram 
(Fig. 22). It is obvious, however, that the special testcross of 
the Fi females to y w males is more eifident, since both males and 
females can then be used as a measure of relative gametic fre- 
quencies. From an experiment of this type Morgan and Cattell 
obtained the following results: 
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± 

7 + 



Testcross 

$ X 7 w' 5 

nto'ii 

■, i 

+ 

+ 

86 

+ 

W 

4,292 


y 


4,605 


y 

w 

44 




Total 9,027 


New combinations 130 = 1*4 per cent 

gain parental combinations are greatly in excess of recombina- 
tions, there being only 1.4 per cent of the latter. This percentage 
is very close to that obtained in the first cross involving yellow 
and white. 

Percentages of New Combinations. — ^The percentages of new 
combinations obtained for the experiments with y and w, 1.2 and 
, are considerably lower than the corresponding percentages 

1 pr and vg. We could have selected other examples where the 
^.ercentage approximated any value from 0 to 50 per cent. The 
significance of the relative constancy for a particular combination 
of two gene-pairs and of the differences between different com- 
binations of gene-pairs will be considered in detail in the next 
chapter. 

MEIOSIS 

As we shall see, it turns out that new combinations of linked 
genes, known technically as recombinaiionSj are of great interest 
to the student of genetics. In order to appreciate their significance 

'4 understand how they are produced it is necessary to under- 
•tlind the essential features of the process of meiosis, the two 
divisions of which are sometimes referred to as the ''maturation 
divisions'' (animals) or "reduction divisions." 

Mitosis. — ^In order to emphasize the significant features of 
meiosis it will be useful to recall the characteristics of mitosis, or 
somatic cell division. As has been pointed out, chromosomes are 
present in pairs in the somatic cells of higher plants and animals, 
one member of each pair originally derived from one parent, the 
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Other member from the other parent. With each division of the 
cell into daughter cells, there is a longitudinal division of each 
chromosome. One daughter half goes to one daughter cell, the 
sister half to the sister cell. This briefly describes the precise 
mechanism by which chromosomes are transmitted from one cell 
generation to the next. This process is shown diagrammatically 
in figures 23 and 24. 

Chromosome Conjugation. — In contrast to their behavior in 
mitosis, the two members of a pair of chromosomes come to lie 
side by side in the early stages of the first meiotic division. This 
pairing of homologous chromosomes in meiosis, a process known 
as conjugation (or synapsis), may be thought of as replacing the 
longitudinal division of mitotic chromosomes. It can be seen, by 
carefully studying the chromosomes in the prophase of the first 
meiotic division, that the chromosomes are long and thread-like 
before conjugation and that they are often longitudinally differen- 
tiated with various sized enlargements cdXltd chromomeres (Fig. 
23). This stage is called leptotene. During the process of con- 
jugation (stage known as zygotene), like parts of homologs come 
to lie side-by-side; apposed chromomeres are morphologically sim- 
ilar. The essentials of this process, then, are that like chromo- 
somes pair, and that this pairing is regionally specific. The stage 
during which the thread-like chromosomes are associated in pairs 
is known as pachytene. During pachytene the chromosomes di- 
vide longitudinally to give four parallel threads, each known as 


Hate II 

A, B, G, aad D. First meiotic division in the onion, Allium cepa. A, 
Pachytene. B, Diplotene. C, Diakinesis. D, Metaphase, (Photographs by 
courtesy of Professor Karl Sax.) 

E, F, G, and H, Pachytene chromosomes of maize. E, Entire nucleus of 
plant with one extra chromosome zn + 2:). In a preparation such as is 
shown here, each chromosome pair can be identified by careful study. F, 
Photograph especially taken to illustrate details of chromosome 6, which is 
below and attached to the nucleolus. This attachment to the nucleolus at a 
specific place in the chromosome is a characteristic of this particular chromo- 
some. G, Detail of chromosome 9. Note the dark staining Imob at the end of 
the short arm. H, A conjugated pair of B-type chromosomes. Note charac- 
teristic structure and dark staining regions. (Photographs by Dr. Barbara 
McClintock.) 
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z. chromatid. There is, in each chromosome, a localized region 
that does not ordinarily take up the dyes with which chromosomes 
are usually stained. This region remains single for some time 
after the rest of the chromosome has divided. It is known as the 
centromere {ot swindle attachment, insertion region, or kin- 
etochore). 

Chiasmata and Crossing Over. — ^The pachytene division results 
in the presence of four closely apposed chromatids; almost im- 
mediately there is a separation of chromatids by pairs, resulting 
(at any one region) in two groups, each containing two strands. 
Various kinds of indirect evidence indicate that sister chromatids 
remain together, the separation is along the plane of conju- 
gation (Fig. 25) . The chromatids tend to move apart as though 
the two pairs were repelling each other. In the typical case, the 
moving apart is arrested by changes of pairing partners among 
the chromatids. There may be one or many such changes of 
partners; because of the resulting cross-like appearance these 
changes of partners are called chiasmata (singular, chiasma). In 
order to simplify the treatment, we shall consider in this chapter 
only the case in which one chiasma is formed between a pair of 
homologous chromosomes. Chiasmata result from an interchange 
of corresponding segments of homologous chromatids (Fig, 25). 
As will be demonstrated in detail later, only two of the four 
chromatids undergo such an interchange of parts, at any one point. 
The new chromatids formed as a result of this interchange are 
known genetically as crossover chromatids or more briefly as 
crossovers. For the time being crossovers may be considered to 
be the same as recombinations; a distinction between the two 
terms will be made in the next chapter. The process by which 
crossovers are produced is known as crossing over. Through in- 
direct evidence, many of the characteristics of crossing over are 
known, but very little is known about how it occurs. 

Diplotene. — ^The stage of meiosis immediately following the 
opening out of the four chromatids which make up the chromo- 
some tetrads j is known as diplotene. The chromosomes have, at 
this stage, become shorter and thicker. This shortening is largely 
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or wholly the result of coiling of the chromatids. This process 
of coiling and consequent shortening of the chromosomes con- 



Fig. as.*— Different views of a chiasma indicated as arising as a result of 
crossing over between two of four chromatids. It is suggested that the use of 
models made of clay, wax, or other suitable material, will be found to help in 
visualizing chiasmata. It is important, in understanding subsequent two-dimen- 
sional figures, to appreciate that the three views shown here represent essen- 
tially the same thing. 


tinues and diplotene merges imperceptibly into the next stag 
known as d'lakinesh. 
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Tenrimalizatioii of Chiasmata. — ^During diplotene and dia- 
kinesis there is often a progressive reassociation of paired chro- 
matids such that a chiasma * ‘moves'' away from the centromere 
toward the distal end of the chromosome pair (Fig. 26). This 
movement is called termindization. Complete terminalization of 
chiasmata is characteristic of some species but not of others. 
Maize, for example, shows partial terminalization of chiasmata 




Fig. 26.— Diagrammatic representation of terminalization of a chiasma at suc- 
cessive stages of meiosis. 

(Fig, 27). The evening primrose, Oenothera, on the other hand, 
is characterized by complete terminalization (Fig. 80). Follow- 
ing complete terminalization of chiasmata, homologs are held to- 
gether by thread-like connections joining their homologous ends. 
The precise nature of these terminal connections is not understood. 

Maximum contraction of the first meiotic division chromosomes 
is attained at metaphase. Here the chromosome bwdents (tet- 


78 


AN INTRODUCTION TO GENETICS 





Fig. %’}. — Successive stages of the first meiotk division in Zea mays. From 
the top: diplotene, early dialdnesis, late diakinesis, and metaphase. This is an 
example of partial terminalixalion of chiasraata. The leftmost unit is a com- 
plex of four chromosomes that is of no consequence for purposes of this figure. 
The vertical axis in each unit of the three upper rows corresponds to the hori- 

7jCmtstt\ avjc in fkft fn-nTAm /W Tn _ ^ 
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rads in terms of chromatids) are oriented on the equatorial plate, 
following which the centromeres begin to move toward the poles 
of the spindle. The shape of a given bivalent at metaphase de- 
pends on the number and position of chiasmata the amount 
of terminalization) and on the length of the chromosomes. 

Anaphase and the Second Division. — ^The movement of chro- 
mosomes toward the poles, anaphase, follows metaphase. Any 
chiasmata that have not already terminalized by the late meta- 
phase are pulled apart at anaphase. This pulling apart simply 
reassociates the chromatids; there is no breakage of chromatids. 

The daughter nuclei resulting from the first meiotic division 
go into a stage known as interkinesis, which is somewhat like a 
short resting stage in mitosis. The centromeres are still undivided 
at this stage, so that two chromatids have a common centromere. 
The second meiotic division usually follows the first closely. The 
chromosomes, now the haploid number, each made up of two 
chromatids, come to lie on the plate of the second division spindle. 
The centromeres divide and a single chromatid from each unit of 
two goes to each of the daughter cells. 

Reduction in Number of Chromosomes. — ^The four nuclei re- 
sulting from the two meiotic divisions each have the haploid num- 
ber of chromosomes, half the number characteristic of the meiotic 
mother cell. In other words, the net result of the two divisions 
is to reduce the chromosomes from two sets to one set. 

Other Interpretations.- — ^Before continuing with the genetic 
consequences of meiosis, it should be pointed out that the account 
of mitosis and of meiosis given above does not apply to all or- 
ganisms; there are many modifications of the process. Further- 
more, for the sake of brevity and simplicity, we have presented 
only one interpretation. There are a number of points concern- 
ing which cytologists have no unanimity of opinion. For ex- 
ample, it is very difficult to determine by direct observation just 
when chromosome threads divide longitudinally, and many in- 
vestigators maintain that such division occurs at different stages 
of the life cycle from those indicated in our account. We have 
implied in the above account that homologous chromosomes are 
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held together through diplotene, diakinesis, and metaphase by 
chiasmata. This is one interpretation of what is seen cytolog- 
ically. It may not be entirely correct and it is certainly not 
universally applicable the chromosomes of the male of 

Drosophila very clearly remain paired during the first meiotic 
division without chiasmata). The indicated relation between 
physical interchange of corresponding segments of homologous 
chromosomes, genetic crossing over, and chiasmata known as the 
chiasmatype theory, is the best hypothesis available. It can be 
argued that complete proof of this relation has not been made. 
One of the difficulties of getting evidence concerning this relation 
is the fact that chromosomes are very small and must be studied 
at very high magnification. In many organisms chiasmata are 
difficult to identify with certainty; they may, for example, be 
confused with simple overlaps of homologous chromosomes. 
Any extensive discussion of such controversial questions as those 
just indicated is beyond the scope of this book; these subjects 
belong more properly to cytology and the reader is referred to 
the standard accounts cited at the end of the chapter for fuller 
treatments. 

CROSSING OVER 

Returning to the question of genetic crossing over or the pro- 
duction of new combinations of linked genes, we have seen that 
for a single chiasma, there are two crossover and two non-cross- 
over chromatids (Fig. 25). Following the segregation of these 
four chromatids there will be two nuclei containing crossover 
chromatids and two containing non-crossovers. In general, we 
are able to recover for genetic study only a single product of 
meiosis. It is true, of course, that in the male of most animals 
all four products give rise to sperms and in higher plants all 
four microspores give rise to pollen grains. The difficulty is 
that in general there is no way of telling which four sperms or 
pollen grains came from the same meiotic division, and deduc- 
tions must be made on a statistical basis. In female animals 
and in pistillate parts of higher plants it is of course the general 
rule that only a single product of meiosis has a functional future. 
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Chiasmata and Recombination,— If we now assume a chro- 
mosome pair to be heterozygous for two gene-pairs, say cinnabar 
(an eye-color) and vestigial, it is evident that in those meiotic 
divisions in which no chiasma is formed by this chromosome 
between the loci of cinnabar and vestigial j only parental 
combinations for these two genes will result, two of each of 
course. But in those meiotic divisions in which a chiasma is 
formed between cinnabar and vestigial there will result two new 



Fig. 28. — Schematic representations of meiotic divisions with (below) and 
without (above) a chiasma between the genes cinnabar and vestigial of Dro- 
sophila. For simplicity only one arm of the chromosome pair is shown. 
Centromeres indicated with circles. 

combinations, all four of the possible types being present (Fig. 
28). If chiasmata were formed between the loci of cinnabar 
and vestigial in 20 per cent of the oocytes but not in the re- 
maining 80 per cent, we can readily calculate the relative pro- 
portions of parental and new combination of genes that would 
result. Of one hundred oocytes, the 80 with no chiasmata give 
So eggs, statistically 40 of one parental combination and 40 of 
the other; the 20 oocytes, each with a chiasma between cinnabar 
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and vestigial, will give 20 eggs, and, again statistically, half of 
these will be parental combinations, 5 of each. The other half 
will be new combinations or crossovers, 5 of each of the two 
possible types, or a total of 10 per 100 eggs (10 per cent). It 
is clear from this that the crossover frequency is equal to one 
half of the exchange frequency (sometimes known as chiasma 
frequency). In the example given earlier in this chapter, there 
were about 12 per cent of new combinations for the linked genes 
purple and vestigial. This means that in approximately 24 per 
cent of the oocytes produced by the Fi female of this experiment 
there must have been an exchange between purple and vestigial. 
For the example of yellow and white, there were only about 1.3 
per cent of recombinations, which would correspond to an ex- 
change frequency of 2.6 per cent. 

No Crossing Over in Drosophila Male.— In the examples 
given in which the Fi males heterozygous for purple and ves- 
tigial were tested it was found that only the parental combina- 
tion of these two genes were produced. This complete linkage 
(or absence of crossing over) is characteristic of the males of 
all Drosophila species so far studied. This absence of crossing 
over in the male has been correlated with absence of chiasmata 
between homologous chromosomes. It is important to remem- 
ber in working with Drosophila that crossing over does not 
occur in the male. At the same time, however, it should be 
remembered that this rule is not generally applicable. In fact, 
among the organisms ordinarily studied by geneticists, Dro- 
sophila is the only one in which crossing over is strictly limited 
to one sex. 

Linkage aijd CrosMsing Over in Maize.^ — ^In maize, crossing 
over is known to occur in both megasporocytes and microsporo- 
cytes. Furthermore the frequencies are usually nearly the same 
in the two types of mother cells. As an example, the gene C 
(colored aleurone) is in the same chromosome pair as the gene 

C 4 “ 

u/x (waxy endosperm) . The cross X $ x + $ gives 

^ wx 

results similar to the following (from Kempton) : 
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c 

4“ 

2,542 

c 

wx 

717 

+ 

+ 

739 

+ 

WX 

2,710 


Total 6,708 

New combinations — 21.7 per cent 
C I 

The reciprocal cross, 4 - ^ X — — ^ > shows about the 

4 ” 

same percentage of new combinations. Similar percentages are 
obtained if the heterozygous plant tested has one recessive allele 
in each chromosome. 

Linkage and F2 Ratios. — ^Knowing the relative proportions of 
non-crossover and crossover gametes for the two parents, it is a 
simple matter to predict the F2 results by means of a diagram. 
Simplifying the frequencies somewhat by assuming exactly 20 per 
cent of new combinations, the results of self-pollinating Fi plants 
in which the two recessive alleles are in the same chromosome, are 
given in figure 29. Collecting like phenotypes, we have: 

C + 66 

C i^x 9 

+ + 9 

4“ 

In an actual experiment of this type Collins recorded the follow- 
ing frequencies: 

C 4- 1,774 

C wx 263 

+ + m 

4~ 4^0 

Expressing these frequencies on a percentage basis and comparing 
with the frequencies expected with 20 per cent of crossing over 
in both male and female gametophytes, we have: 


Phenot3rpe 

Expected 

Observed 

^ + 

66 

65,0 

C wx 

9 

9.6 

4 - 4 " 

9 

10.2 

4 - wx 

i6 

15.3 
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The agreement is as close as could reasonably be expected. A 
similar calculation of Fg results is possible where the dominant 
alleles are in separate chromosomes in the F2. If this is done, 

_C +_ ^ _C +_ 

+ wx + wx 
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1 
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1 
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4 

^ 
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Fig. 29. — Checkerboard diagram showing the phenotypes and their relative 
frequencies obtained in the Fa generation of a cross between C + and + wx 
maiae. For simplicity exactly 20 per cent of recombination is assumed. 

again assuming 20 per cent of recombination, it is foimd that the 
following relative frequencies are expected: 


C 

+ 

51 

c 

wx 

24 


+ 

24 

+ 

WX 

1 


Actual experiments give results in agreement with these calculated 
frequencies. 
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It should be recalled that two independently segregating auto- 
somal gene pairs, both of which show complete dominance, are 
expected to give the four possible phenotypes in the ratio 9:3:3:!. 
If this is expressed on a percentage basis and compared with gen- 
eralised cases of linkage with 20 per cent recombination, we have 
the following: 




Phenotypes 



H — h 

+ ^ 

a + 

a h 

/+ +\ 
Independence 1 — j 

56.25 

18.75 

18.75 

6.25 


66 

9 

i 

9 

16 

C +) 

51 

24 

24 

I 


In both cases of linkage it is evident that phenotypes like the 
parents are more frequent than would be expected with inde- 
pendent assortment; this, in fact, is a general rule for the detec- 
tion of linkage. This rule breaks down, however, in the case in 
which linked genes have a recombination percentage of 50; the 
results are then identical with those expected for gene-pairs car- 
ried in independent chromosome-pairs. The absence of crossing 
over in the male of Drosophila is used to advantage in this re- 
spect, since when one makes a testcross with the heterozygous 
male, the detection of linkage is quite independent of the fre- 
quency of crossing over in the female. 

Recombination Frequencies from F2 Bata.— It is obvious that 
by doing the reverse of what was done above it is possible to 
calculate the recombination percentage for two linked genes from 
F2 zygote frequencies. The more efficient calculations of this type 
are rather involved and for this reason are not given in this book; 
Those who have occasion to calculate recombination values from 
F2 data are referred to treatments of this subject by Immer and 
by Mather (see references). Calculation of recombination per- 
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centages from data from testcrosses to the double recessive are 
more direct than ate those from F2 data. Furthermore they are 
more efficient, i.?., a value based on 100 individuals in a testcross 
is less subject to errors of sampling than is a value based on the 
sa m e number of individuals in F2. Calculations from F2 data 
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Fig. 30. — Checkerboard showing the results expected in the F2 generation of a 
cross between purple-eyed and black-bodied individuals of Drosophila. 

where the recessive alleles were contributed by different parents 
and where linkage is strong are particularly inefficient. In many 
plants, for example the garden peas with which Mendel worked, 
it is technically difficult to make testcrosses on a large scale (few 
seeds per pollination) and linkage studies must then be based to 
a large extent on segregations in F2. 
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Linkage and F2 Ratios in Drosophila. — ^Because of the absence 
of crossing over in the male of Drosophila, F2 segregations of 
linked genes represent a special case. The results can, of course, 
be predicted just as they were in corn. As an example, let us 
consider the F2 generation of the cross of a black {b) bodied 
female with a purple {pr) eyed male. These two genes give 
about 6 per cent of recombinations. The expected results are 
given in figure 30. Collecting like phenotypes we get: 


-f- -p 100 

+ pr 50 

b + 50 

b pr o 


or a 2:1 :i:o ratio where a 9:3:3:! ratio would have been ex- 
pected with independent inheritance. The 2:1:1 :o ratio is inde- 
pendent of the frequency of recombination as can be seen by study 
of the above diagram or, empirically, by trying various gametic 
frequencies for the female. In an actual F2 from an Fi in which 
the recessive alleles were in separate chromosomes, Bridges ob- 
tained the following results: 


+ + 

684 

+ pr 

300 

b -\- 

371 

b pr 

0 

This is in reasonable agreement with the expected 2:1 :i:o ratio. 

From the F2 obtained by crossing Fi individuals in which re- 
cessive alleles b and pr are in the same chromosome we would 

expect the results given in figure 31. 
we have: 

Summarizing these results. 

+ + 

147 

+ pr 

3 

b + 

3 

b pr 

47 


It is clear that here the relative frequencies of F2 zygotes are de- 
pendent on the frequency of crossing over, and, furthermore, that 
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the calculation of the percentage of recombinations from F2 data 
is relatively simple. Such data are rarely used in Drosophila, 
however, since if double recessive flies are available to make the 
original mating, they are usually available at the proper time to 
make a testcross. Clearly the testcross is the more efficient. 
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Fig. 31.— Chart showing the F2 results of a cross between wild-type and black 
purple individuals of Drosophila. 

Linkage Groups — ^We have considered three linked autosomal 
genes in Drosophila; black, purple, and vestigial. Three sex- 
linked genes have been mentioned: yellow, white, and bar. These 
are all carried in the X chromosome. Actually, several hundred 
genes are known in Drosophila and these have been shown to 
fall into four and only four groups, known as linkage groups. 
These, of course, correspond to the four chromosome pairs. In 
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another species of Drosophila, D. pseudoobscura, there are five 
instead of four pairs of chromosomes and, corresponding with 
these, there are five linkage groups. In still another species, D. 
virilis, there are six pairs of chromosomes and, although fewer 
genes are known here than in D. melanogaster, these genes fall 
into six linkage groups as expected. In maize, more than a hun- 
dred genes make up ten linkage groups corresponding to the ten 
chromosome pairs. Still other examples might be mentioned; 
in all forms in which adequate evidence is available, the number 
of linkage groups is exactly the same as the haploid number of 
chromosomes. 

Linkage in Other Organisms. — ^Linkage with crossing over is 
known in many organisms, both plant and animal. In fact, no 
organism has been found in which these phenomena are known to 
be absent. In man there are the two well-analyzed sex-linked 
characters already mentioned, color-blindness and hemophilia. 
These must both be carried in the X chromosome and should be 
linked. Because both of these characters are relatively infre- 
quent, few cases have been found in which a woman has been 
known to be heterozygous for both of them. Extensive searches, 
however, have resulted in the discovery of a few such women. 
Classifications of their sons have indicated that the recombination 
frequency for these two genes is of the order of five per cent 
(Haldane and Bell) . In addition to a group of sex-linked genes 
in man, there are, of course, many autosomal genes and these we 
should expect to fall into twenty-three pairs of autosomes. Future 
work will, without question, lead to the discovery of more cases 
of linkage in man, but because of the difficulties of study, it may 
be predicted that the accumulation of data necessary to establish 
these will be a long-time process. 
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Problems 

I. Dwarf plant (i) and pubescent fruit (p) in tomatoes are reces- 
sives to tall plant and smooth fruit Fi plants from a cross 
dwarf pubescent and tall smooth were tested by crossing to 
dwarf pubescent plants and the following data obtained (from 


Lindstrom) : 

dwarf smooth 5 

dwarf pubescent 118 

tall pubescent 5 

tall smooth 161 


Using symbols instead of names, classify these data to show 
parental and non-parental combinations. Is there evidence of 
linkage.^ If so, what is the percentage of recombinations? 

2. Red pericarp (P) in maize (the character familiar to many in red 
ears of corn) is a dominant character. Tassel-seed-2 (^^2 — 
seeds instead of stamens in the tassel) is recessive. Crosses 
between plants of a certain culture and colorless pericarp tassel- 
seed plants gave the following phenotypes (from Emerson): 


red pericarp, tassel-seed . ... . . . . 15 

colorless pericarp, normal tassel .. 14 

colorless pericarp, tassel-seed . . . . 1,174 

red pericarp, normal tassel . . . . . . 1,219 


What was the genetic constitution and phenotype of the plants 
that gave rise to those tabulated, those in the ^'certain cul- 
ture*'? What percentage of recombination would you calculate 
for the two gene pairs concerned? 

3. Brachytic (^br) is a recessive dwarf type in maize. Testcrosses 


between 


P 

+ 


+ 

br 


and + gave (from 


Emerson) : 


p 

+ • 

204 

p 

br 

153 

+ 

+ 

154 

+ 

br 

165 
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From a purely statistical standpoint would you conclude that 
P and are linked, or are inherited independently ? What is 
the probability that the observed ratio of parental to new com- 
binations represents a chance deviation from the i:i ratio ex- 
pected with independent assortment? 

j I — 1— ffp 

4. From the two crosses, * 9 yc $ and — -^ 9 

pr pg pf -j- 

X ^ j given in the text, the recombination values found 

were 10.7 and 13.0 respectively. Is the difference between 
these two values, 2.3 per cent, statistically significant ? Refer 
to text for any additional data required. 

5. What frequencies of phenotypes would have been expected in F2 

if the Fi plants of problem i had been self-pollinated instead 
of crossed with d p plants? What would be the expected fre- 
quencies of phenotypes in an F2 from self-pollination if the 
d and /? genes were carried in different chromosome pairs? 

6. In Drosophila, spineless {ss) is a recessive character in the third 

chromosome pair. The bristles are shorter than normal. Black 
body color and purple eye color are linked and give about 
6 per cent recombination. They are carried in the second 
chromosome pair. What relative frequencies would you expect 
for the various phenotypes among the offspring of the cross 

X — ^ ^ ^ ^ ^ pr ss $ ? From the reciprocal of this 

cross? 

7. The two genes C and ^2"*" maize are complementary genes for 

aleurone color and are carried in separate chromosome pairs. 
When both are segregating, a 9:7 ratio of kernels with purple 
and colorless aleurone is expected in F2. As stated in the text, 
C and waxy (u>x) are linked with 20 per cent recombination. 
What phenotypic ratio would be expected in F2 on self -pol- 
linating plants of the constitution ^ — -i ? 

^ wx 

8. With two pure stocks of Drosophila, one yellow (y) and the 

other white («?), outline the method you would use for making 
a homozygous stock recessive for both of these sex-linked genes. 
Refer to the text for the frequency of recombination between 
these two loci. (Note: It is possible to hold individuals of 
either sex of Drosophila over and mate them with individuals 
of the next generation. Males can be used in many matings 
but females cannot be used efficiently in more than one mating.) 

9. Starting with two stocks of Drosophila, one purple, and one ves- 
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tigial, outline the crosses required to obtain a homozygous pur- 
ple vestigial stock. Remember that there is no crossing over in 
the male of Drosophila. 

10. The gene pr differentiates red from purple aleurone in maize, but 
this difference cannot be detected in kernels with colorless 
aleurone. The genes ^2 and pr are both in chromosome pair 6 
and show 30 per cent recombination. What phenotypic ratio 
would you expect on selfing a plant of the constitution 

+ + 

^ pr + 




CHAPTER VI 


CHROMOSOME MAPS 


A TESTCROSS in Prosophila involving the two sex-linked char- 
acters scute {sc, scutellar and certain other bristles missing— Fig. 
21 ) and echinus (ec, rough eye) gave a crossover value of 8.9 
per cent. In another experiment the crossover value between 
echinus and crossveinless {cv, a wing character— Fig. 21) was 
found to be 9.7 per cent. It is not necessary to determine these 
values from separate experiments; all three loci can be followed in 

a single testcross. As an example, the cross . X 

sc CP 


gave the following phenotypes:^ 


+ ec + 

810 

sc -p cv 

828 

4- + Cl' 

88 

SC ec -p 

62 

-p ec cv 

103 

sc -p "P 

89 

+ + + 

0 

sc ec cv 

0 

Total 1,980 


Gene Sequence.— One striking result of this experiment is 
that there are only six phenotypes present, where of course eight 
would be expected with independent segregation. The -p -f- 
and rc 4- phenotypes are like the parents of the triple hetero- 
zygote, i.e,, are non-crossovers. Two of the remaining pheno- 
types, cv and sc ec can be accounted for by crossing 

1 The examples of Drosophila crosses used in this chapter are from the work 
of Bridges and Olbrycht. 


03 



AN INTRODUCTION TO GENETICS 


94 

over between sc and ec. The other two, -|- ec cv and sc -|- -j-, can 
be accounted for by assuming crossing over between ec and cv. 
This experiment tells us that the three genes sc, ec, and ci' are 
linked, but an even more interesting result is that we cannot in- 
terpret the results in any simple way without assuming that the 
genes are arranged in the chromosome in the sequence sc-ec-cv (or 
cv-ec-sc) . In other words, this type of testcross tells us the order 
of the genes in the chromosomes. 

Gene Loci. — ^The relative constancy of crossover values and the 
constant order of genes in chromosomes imply that every gene 
occupies a fixed position in a chromosome, and its allele a cor- 
responding position in a homologous chromosome. This will be 
demonstrated in a more direct way later. Such a position is known 
as d, locus (plural, loci) . A particular locus is designated by the 
name of the mutant allele that occupies the locus. We speak of 
the "white” locus or the "yellow” locus, for convenience desig- 
nated by gene symbols — i.e., the w locus. 

Linear Arrangement and Chromosomes. — ^The linear arrange- 
ment of genes in chromosomes and the fact that this arrangement 
can be demonstrated by studying crossing over is not surprising, 
when we remember the fact mentioned in the previous chapter, 
that chromosomes are long and thread-like at the stage at which 
crossing over occurs (pachytene) . We do not, of course, imply 
by linear arrangement a straight line, but rather that the genes 
are arranged in a manner similar to beads strung on a loose string. 

Crossing Over and Physical Distances.— Returning to the ex- 
ample of the cross in which the scute, echinus and crossveinless 
characters were followed, it can be seen that the crossover per- 
centage for two loci must be related to the distance between the 
loci. If ec is between sc and cv, then the distance between sc 
and cv must be greater than either that between sc and ec or that 
between ec and cv. The crossover percentage for sc and cv is 
exactly the sum of the values for sc'ec and ec-cv, since all re- 
corded crossovers, whether between sc and ec or between and 
cv, are aossovers between sc and cv. If chiasmata were distrib- 
uted entirely at random along the lengtti of a chromosome pair, 
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then of Gourse it would follow that crossover values would be re- 
lated to physical distances in a simple linear way. Actually the 
relation is not as simple as this; chiasmata are not distributed 
purely at random. This question will be considered in more de- 
tail later, but it can be said here that certain sections of a chromo- 
some pair show more crossing over per unit physical length than 
do other sections of the same chromosomes. 

An Analogy. — ^The relation of crossing over to distances and 
linear order has been illustrated by an analogy with railroad time 
tables. If we consider the times at which a given train arrives 
at three specified stations, these times will tell us, without any 
question, the order in which these stations are arranged along the 
right of way. This is equivalent to determining that three loci 
are arranged in a particular order in the chromosomes. Knowing 
the train time for a run between stations, we can deduce roughly 
the distance apart of these stations. For a given train there will 
be a fairly close correlation between time and distance traveled. 
But of course this will not be exact — a 50-mile run through moun- 
tainous country may take twice as long as the same length run 
over level country. This is comparable to regional differences in 
crossing over. Even the time between two given stations is not 
constant; it will vary depending on whether a freight train or 
streamliner is making the run. This illustrates another analogy. 
If we were to set out to determine the order of three stations, 
not too far apart, by deducing distances from times required to 
make the runs between various combinations of two of them, we 
would arrive at the correct result if we based our deduction on 
times by a given train. Thus, suppose the following information 
is available: 

a to c 2 hours 

b to c ................... . I hour 

a to b . . . 3 hours 

It is clear that if the train runs at a reasonably constant speed, the 
sequence of stations must be a-c-b. But if times were taken from 
runs by different trains with no knowledge of their speeds the 
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above order might very well be incorrect. If the a to b and 
b to c times were taken from a freight train schedule where the 
speed was 50 miles per hour and time a to c was taken from a 
streamliner schedule, with the train averaging 100 miles per hour, 
the order would of course be a-b-c. In the same way using sepa- 
rate two-point measurements of crossover values, it is possible to 
arrive at an erroneous deduction as to the order of genes. 

Crossover Regions. — In a testcross such as the one given above, 
the intervals between adjacent loci being studied are referred to 
as crossover regions, or sometimes simply as regions. It is con- 
ventional to number these regions from left to right. Thus, in 
the above example, there are 150 crossovers in region i (between 
sc and ec) among a total of 1,980 individuals or 7.6 per cent. 
In region 2 (between and cv) there are 192 or 9.7 per cent 
of crossovers. 

Different Arrangements of Linked Genes. — ^With three linked 
genes heterozygous there are four arrangements possible, i.e,, 
a b c a b -j- a Ar c Ar b < 


It makes no 


^ ^ -j- — p ^ ^ y ^ ^ _p 

difference which of these is used in making a testcross involving 
all three genes (technically a three-pint-test). For example, a 
testcross, quite independent of the one given above, involving 
scute, echinus, and crossveinless was made in the following way: 

+ + + 
sc ec cv 

The results were: 

Non-crossovers 

Crossovers region x 
(8.9 per cent) 


X cv 


+ + + 

352 

sc ec cv 

284 

ec cv 

26 

sc "*p ■ I ” 

46 

+ + CP 

38 

sc ec -p 

62 


— 

(12.4 per cent) 


The crossover values here are somewhat higher than those ob- 
tained in the previous cross but they are still reasonably close. 
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The crossover value for sc-cv, 8.9 -|- 12.4, or 21.3, is, of course, 
likewise greater than that obtained previously. 

Chromosome Maps. — ^With a method of determining the order 
of loci in a chromosome and a measure of distance, we can readily 
construct a chart showing the spacing of genes in the chromo- 
some. Such a chart is known as a chromosome map. In order 
to do this we must have a map unit to represent spacing. The 
standard unit used for this purpose is arbitrarily taken as the dis- 
tance that will give, on the average and under "standard” en- 
vironmental conditions, one crossover per hundred gametes. In 
other words, two genes that show 10 per cent of crossing over, 
are 10 units apart. Applying this to the first three point test given 
above involving sc, ec, and cv we could make the following map: 

sc 7.6 ec 9.7 cv 

Double Crossing Over. — Still more loci can be added to this 
map. Let us consider two additional sex-linked genes in Dro- 
sophila, cut {ct, a wing character — Fig. 21) and vermilion {y, an 
eye color). Using these in combination with one of those 
previously used, crossveinless, we can make another three- 
point testcross. We may consider the following one of the four 
possible types of heterozygous females: 


+ ^ 

X 

cv 

ct V, 



V 




The types obtained in one such test 

were: 


Non-crossovers 

+ 

ct 

+ 

759 


CV 

+ 

V 

766 

Crossovers region i 

+ 

+ 

V 

73 

(7.7 per cent) 

cv 

ct 

+ 

80 

Crossovers region 2 

+ 

ct 

V 

140 

(15.0 per cent) 

cv 

+ 

+ 

158 

(0.2 per cent) 

+ 

cv 

+ 

ct 

+ 

V 

2,' 

2 
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These results differ from those in previous examples in one im- 
portant respect. There are two phenotypes among the offspring 
that are not accounted for by single crossing over in either re- 
gion I or region 2. They can be accounted for, however, by 
assuming that double crossovers occur; that is, instances in which 
a crossover in region i is accompanied by a crossover in region 2, 
As a matter of simple probability these would be expected to be 
relatively infrequent. Inspection of the data shows that this is 
the case. Doubles may be expected in any three-point test in 
which the total distance covered by the three loci is more than 
10 to 20 map units. This point will receive further consideration 
later. Neglecting sampling errors, double crossovers are always 
less frequent than either of the component single crossovers. If 
we consider only the cv and ct loci, it is evident that the double 
crossover classes will have to be counted with the singles in re- 
gion I to get the total crossing over in region i . This will be 
*72 -L. 80 -4— 2 -4- 2 

— ±— x 100, or 7.9 per cent. In the same 

way, considering only region 2, it is clear that the double cross- 
overs will have to be included to get the total crossing over for 
this region. In other words, since the double crossovers are cross- 
overs in both regions i and 2, they must be counted as crossovers 
twice, once for each region. The crossover value for region 2 is 
15.2 per cent. 

Crossover and Recombination Frequencies. — ^If we consider the 
map distance between cv and t', we see that it is the sum of the 
cv-ct and the chv distances or 23.1 units. But, if the test had been 
made omitting the r/ locus, we would not have obtained this 
value. The value 23.1 includes the double crossover classes 
twice, once in each region, and without following the middle 
locus these would not have been detected. This can be illustrated 
by ignoring the classification for the cut character in the example. 
The -j- q- and cv ct v phenotypes would then appear as paren- 
tal types, i,e., as -f- -j- and cv v. The value for cv to v would 
be 22.7 instead of the 23.1 obtained by adding the crossover 
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values for the two component regions. The difference is, of 
course, small and in this particular case we would not need to 
worry about it. For larger intervals, however, the relative pro- 
portion of double crossover types increases and the error becomes 
much more important. If we consider only the cv and v loci in 
the above test, the value of 22.7 is not, therefore, the true cross- 
over value. It is too small because of undetected double cross- 
overs. Such a value is known technically as 2i recombination value 
as contrasted to the true crossover value. In building up maps, 
it is necessary to work with regions so short that no doubles occur, 
if true crossover values are desired. This can be determined ex- 
perimentally by following a locus within the region, i,e., break- 
ing the one region into two. For example, for the ct-v region 

ct V 

we can add the lozenge (/z, eye shape) locus in a test of a 

Iz 

female. Actually, such a test would show no double crossovers. 
It is not always possible to work with intervals short enough to 
give true crossover values, either because the number of mutant 
characters is not sufHcient, or because they are not distributed 
properly. In such cases we must be content with an approximation 
until more loci can be used. In the examples of Drosophila 
crosses used in this chapter, the regions are short enough to give 
true crossover values. 

Rule for Determining Gene Sequence. — ^We are now in a posi- 
tion to give another and simpler rule for determining the order 
of genes from a three-point test The double crossover classes 
have the two alleles of the middle gene exchanged with respect 
to those of the other two. Since this requires two crossovers 
simultaneously, the classes resulting will be the least frequent 
pair of phenotypes or, as in th.^ sc-ec-cv example, will be entirely 
absent. Reversing the argument, it is clear that, if we take the 
least frequent (or absent) pair of contrary crossover classes (com- 
plementary products of crossing over) and determine by inspec- 
tion which pair of alleles in the Fi heterozygote must be exchanged 
to get these classes, these alleles will represent the middle locus. 


lOO AN INTRODUCTION TO GENETICS 

Returning to the three-point test, we have the following 

map distances; cv-ct, 7.9 and ct-v, i5-2. With this information 
we cannot put the genes ct and v on the sc-ec-cv map, because we 
do not know on which side of cv they lie. We can determine 
this, however, by making a third three-point test, for example, 
one involving ec, cv, and ct. A test of this kind follows: 


-f 4 - 

ec + 


X 


ec cv ct 



— cv “-j— 

2,207 


ec -p ct 

2,125 

(10. 1 per cent) 

q — y ct 
ec cv -p 

265 

273 

(8.3 per cent) 

-p cv ct 
ec — p 

223 

217 

(0.2 per cent) 

+ + + 
ec cv ct 

5 

3 

The last pair of contrary 

crossover 

phenotypes are least fre- 


quent and these can be obtained from the test heterozygote by 
exchanging the two alleles of the crossveinless gene. It follows, 
therefore, that cv is the middle locus and that the order is ec’cv-ct. 

Sequence of Many Genes. — Combining the results of the sepa- 
rate three-point tests, we see that the order of the five sex-linked 
genes involved must be sc-ec-cv-ct-v. As has been pointed out, 
we could just as well write these in the reverse order. For the 
sake of uniformity, it is customary in making chromosome maps 
to arbitrarily decide which end of a sequence of genes is to be 
written to the left. In the X chromosome of Drosophila, it has 
been decided to write sc to the left of Positions are then re- 
ferred to as to the '’right'' or “left" of a point of reference. 

Additional genes can be added to a map by the principles illus- 
trated above. Using the character garnet (g, a pinkish eye color), 

results of a aoss X J_ yc ct vpzc&iis follows; 

+ g 
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Crossover 

Phenotype 

Number of 

region 

individuals 

0 

+ *> + 

1,588 


ct + i 

1,485 

I 

+ + i 

277 

(13.5 per cent) 

ct V -|- 

266 

2 


184 

(9,9 per cent) 

ct -\ }- 

214 

1,2 

+ + + 

5 

(0.3 per cent) 

ct V g 

8 



Total 4,027 


It will be noted that here there are two genes involving eye color* 
There is no difficulty here since, for these two segregating gene 
pairs, four phenotypes can be distinguished easily. Some combi- 
nations of characters cannot be distinguished in this way. For ex- 
ample, it would be quite inconvenient to use the white eye char- 
acter in the same cross with vermilion eye, since the vermilion 
character cannot be classified in the white eyed flies. 

The above results give the order ct-v-g and the garnet locus can 
be added to the right of the five already considered, to give the 
order sc-ec-cv-ct’V-g. Calculating the distances, we can construct 
the map: 

sc ec cv ct V S 

13.7 ^ 7 9 15*2 10.2 , 

10.3 8.5 13.8 

In three of the regions we have put down crossover values ob- 
tained from two separate experiments. The differences between 
the pairs of values illustrate the variation one is likely to get in 
actual experiments of this type. 

Any number of loci can be added to a chromosome map, either 
at the end or between two loci already located. The testcross 

^ ^ ^ X would show that the (miniature wing) 

V tn g 

locus lies between v and g. 
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Fig. 32 . — ^Linkage maps of the four chromosomes of Drosophila melano- 
gaster. The letters in parentheses indicate the part of the fly affected by the 
mutant character concerned: B, body; E, eyes; H, hairs or bristles; V, vena* 
tion of wings; W, wings. Positions of centromeres (spindle attachments) are 
indicated by arrows. (After Bridges.) 
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Methods of Constructing Chromosome Maps.— Several hundred 
genes have been ''mapped** in Drosophila. Figure 32 shows such 
a map with only the loci most often used indicated. The maps 
of the autosomes are made in exactly the same way as are those 
of the X chromosome. The X chromosome is easier to work with, 
since to make the equivalent of a three-point testcross, a triple 
recessive stock is not needed — ^heterozygous females may be mated 
to males of any constitution, and only male offspring used for 
determining recombination values. Similar maps have been made 
for other species of Drosophila, for other animals, and for several 
plants. Figure 33 shows the chromosome maps of maize. 

It will be noted that in all of these maps loci are assigned posi- 
tions that are designated with a number obtained by adding the 
crossover values for all known intervals to the left. Thus the 
V locus is at 33 and g is at 44.4. The map distance between 
them is 11.4. As we have already pointed out, one would not 
expect, in testcrosses involving v and g, to get exactly this cross- 
over value. The map positions are based on the averages of 
many carefully made tests. 

Variability. — ^If the measurement of crossover and recombina- 
tion percentages were subject only to errors of sampling, there 
would be no difficulty in constructing chromosome maps from 
two-point linkage data. Because of variability due to other fac- 
tors, however, one may be led to erroneous conclusions in attempt- 
ing to determine gene sequences in this way. This may be illus- 
trated by an actual example in maize involving the three fourth 
chromosome characters sugary endosperm Tunicate (T/^— 
long glumes — "podcorn'*), and a glossy seedling character (g/3). 
As indicated by the map in figure 33, the standard recombination 
value for and Tu is 29 per cent This region does not include 
loci that can be marked with workable characters; presumably the 
value 29 is too low. This, however, need not concern us here. 
A two-point test of su and gl gave a recombination percentage of 
23 and a test involving Tu and gl gave a value of ii per cent. 
These results suggest that the su-Tu distance is greater than 
that between su and gl or that between Tu and gL This 




Fig, 33. — ^Linkage maps of the ten chromosomes of maize. (From Emerson, Beadle, and Fraser.) 
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would of course indicate the order su-gl-Tu. The three-point test 

I 2 ^^ I 

J— - — X g^ve the following results (from Emer- 

su -j- g^ 

son, Beadle, and Fraser) : 



Crossover 

regions 



0 

1 

2 

I, 2 

Number of 

-f- su 

Tu + 

+ gl 

+ 

-f- Tu 
+ 

4 - su 

Tu -f. 
gl + 

4 “ su 
+ Tu 

+ gi 

individuals 

291 206 

133 91 

(27-5%) 

39 37 
( 9 - 5 %) 

8 8 
(2.0%) 

813 


This test shows conclusively that the order is not su-gl-Tu, but 
su-Tu-gL In this case the results from two-point tests were quite 
misleading. 

Maps from F2 Data.— We pointed out in the preceding chap- 
ter that it is possible to calculate linkage values from F2 data. 
Maps can be constructed on the basis of such values. It is also 
possible to use F2 results involving the segregation of more than 
two linked gene-pairs. The difficulties encountered with two 
linked gene-pairs are multiplied as more gene-pairs are involved, 
so that in material where testcrosses are readily made, F2 results 
are very seldom used in constructing maps. 

MULTIPLE CHIASMATA 

The relation between single chiasmata and crossovers was con- 
sidered in Chapter V. We saw that the proportion of tetrads in 
which a chiasma occurs between two specified loci is twice that 
of single chromatids that show a crossover between the same two 
loci. If we wanted to make a chromosome map by defining a 
unit of distance as that within which an exchange (or a chiasma 
cytologically) would fall on the average once in 100 tetrads we 
would come out with all values multiplied by two. The relations 
are just as simple when we consider the relation between double 
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crossovers and the double exchanges that give rise to them, but 
they are not quite as obvious. 

Types of Double Exchanges. — Since the four chromatids pres- 
ent at the time of aossing over are genetically of two kinds only 
(Fig. 34), it makes no difference which two are involved in a 
single exchange so long as these are not sister chromatids {ihe 
two derived from one during the preceding division of pachytene 
threads). As a matter of fact, there is evidence that sister chro- 
matids do not exchange segments as do non-sister chromatids, but 
this evidence is indirect and complicated, and will not be pre- 
sented in this book. The following discussion assumes, then, that 
such sister chromatid crossing over never occurs. Any one of the 
four possible single exchanges (Fig. 34) is obviously equivalent 


A B C D 

Fig. 34. — ^Diagram of the four possible single non-sister-strand exchanges. 

The two chromatids taking part iri an exchange are indicated with arrows. 
Disregarding all other exchanges, A, B, C and D are equivalent; each gives 
two non-crossover and two crossover chromatids. 

I 

to any other, each results in two crossover and two non-cross- 
over chromatids. In the case of double exchanges, on the other J 
hand, it does make a difference which two chromatids are in- , 
volved at the second of the two component single exchanges.^.: 
This is illustrated in figure 35. Here the exchanges represented i 
at the right involve four different pairs of chromatids with refer-i^ 
ence to those involved in the exchange shown at the left. A con- 
venient way of designating these types is according to the number 
of chromatids involved in crossovers, considering both exchanges. 
Thus a 2-stra^^ (strand is equivalent to chromatid here) double 
exchange gives rise to two non-crossover chromatids and two 
double crossover chromatids. The two types of 3-strand doubles 
are equivalent to each other; the four resulting chromatids are 
one non-crossover, one single crossover in region i, one single 
crossover in region 2 and one double crossover. The four-strand 
exchange gives all single crossover chromatids, two for each re- 
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gion. There is evidence of an indirect nature that, in Drosophila, 
the four possible types of double exchanges are equally frequent; 
in other words, that 2-, 3- and 4-strand double exchanges occur in 
the ratio of 

Chromatids Recovered Following Double Exchanges. — It will 
be seen that a single chromatid recovered from a tetrad in which 



D 


Fig. 35. — ^Diagram of the relations of two separate exchanges. With the 
left exchange fixed as indicated there are four possible double exchanges, as 
indicated. A is a 2-strand, B and C are 3-strand, and D is a 4-strand exchange. 
These are designated by the number of chromatids involved in the two ex- 
changes. 

two chiasmata occurred need not necessarily be a double cross- 
over. In fact, if we collect the various types of chromatids re- 
sulting from double exchanges we see that there are four types 


as follows: 

Non-crossovers ........ .... . ...... 4 

Single crossovers, region I ......... 4 

Single Grossovers, region 2 . . . . . . . . . 4 

Double crossovers . . . . . . . . . . 4 


The four types occur with equal frequencies. This means that, 
where a single product of a given meiotic division is recovered, 
as in the eggs of animals or the me^pores of plants, or where 
the four products must be considered without relation to one 
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another as in animal sperms or plant microspofes, a double cross- 
over product is recovered only one fourth of the time following a 
double exchange. If, then, we want to calculate, from the fre- 
quency of double crossover gametes, the frequency of double ex- 
change tetrads, we simply multiply by four. To illustrate these 
relations let us consider an hypothetical example with the three 
loci a-hc spaced so as to give exchanges 20 per cent of the time 
between and b and 20 per cent of the time between b and c. 
The crossover values obviously would be 10 per cent for each 
region. Now, assuming the exchanges to occur independently in 
the two regions, double exchanges would be expected in 4 per cent 
of the tetrads (0.2 X X 100). Since there is one chance in 
four of recovering a double crossover following a double ex- 
change, this would be equivalent to i per cent of double cross- 
overs. If we predict the frequency of double crossovers from 
the frequency of single crossover chromatids on the assumption 
that they are independent in the two regions, we get i per cent 
(o.io X o.io X 100) . The point is that on either basis (chias- 
mata or single recovered chromatids), the assumption of inde- 
pendence leads to the same prediction. 

Interference. — ^In the above argument we have assumed that 
double exchanges occur independently in two adjacent regions. 
This assumption is incorrect as can be seen from the examples 
given earlier in this chapter. In the first three-point test involv- 
ing sCj eCf and cv (page 93) there was 7.6 per cent of crossing 
over in region i and 9.7 per cent in region 2. There were no 
double crossovers at all in this cross where, were crossing over 
in the two regions independent, we would expect 0.7 per cent. 
This can only mean that one exchange interferes with an ex- 
change in adjacent sections of the chromosome pair. This phe- 
nomenon is known as interference. This is usually expressed in 
a somewhat different way, namely by a coefficient of coincidence. 
This is obtained by dividing the actual proportion of doubles ob- 
tained by the proportion expected with complete independence; in 

the aoss illustrated, = 0. A coincidence value of o means 
.007 


I' 
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that interference is complete. A value of i means no interference, 
or independence of crossing over for the two regions under con- 
sideration. In the example of the three-point test in maize, given 
on page 105, the recombination values for the two regions are 29.5 
and 11.5 per cent. There are 2 per cent of double crossovers 
where 3.39 per cent would be expected with independent crossing 
over in the two regions. The coincidence value is therefore 0.59 
{2 ~ 3-39) • Other examples could be given in which the coinci- 
dence varies from o, as in the first example, to i.o. It can be 
seen from the relations between exchanges and detected cross- 
overs worked out above that the result is the same whether coinci- 
dence is calculated on the basis of tetrad exchange frequencies 
or on the basis of single chromatid crossover frequencies. In 
practice, since data are most often obtained in the form of aoss- 
over frequencies, this type of calculation is usually more con- 
venient. 

Multiple Exchanges.^ — If more than three loci are followed in 
a testcross, as is frequently the case, triple or even quadruple 
crossovers may be recovered. A triple crossover is counted in 
calculating the crossover or recombination percentage for each of 
the three regions involved; hence it is counted three times in 
calculating map units. The same principle applies to quadruple 
crossovers. 

It is a simple matter to work out the relations between triple 
and quadruple exchanges and triple and quadruple crossovers. If 
this is done the following relations can be put down: 


Exchange 

Recovered single chromatids with relative frequencies 

Non- 

crossovers 

Singles 

Doubles 

Triples 

Quadruples 

none 

I,, 





I;,': 


I;.,. 




■' "2 

■'.I" 

2 

I 





: 3 - ' 

3 

I,,,, 


4 

I 

4 

6 

', 4 
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Limit of Recombiiiatioii Frequencies.— Since for terminal loci, 
only odd numbered crossovers will give recombinations for hetero- 
zygous genes at these loci, it is clear from the above relations that, 
no matter what distribution of single or multiple exchanges we 
have between the two loci, there will never be more than 50 per 
cent of recombination; the non-crossover plus the even numbered 
crossover chromatids are equal to the odd numbered crossover 
chromatids for all multiple exchanges. Thus if we take two loci 
100 map units apart they will give no more than 50 per cent of 
recombination (except, of course, for errors of sampling). The 
fact that maps may be more than 50 units long is of course ac- 
counted for by the fact that they are built up of short regions 
within which no double crossovers occur. Theoretically there is 
no limit to the length of a chromosome in terms of map units; in 
practice, no map 200 units long has yet been established, though 
about 180 units are known in a few cases. 
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Problems 

(Note: The data given in problems i, 4, and 6 in this chapter are 
from actual examples of three-point tests in maize. Purely arbitrary 
symbols are substituted for the ones usually used.) 


C H R o M O S O M E M A PS 


I* Determine the constitution of the hetero2:ygous parent, the gene 
sequence, and the recombination values from the following data: 


h c 5 

a b -j- 31 

+ + + 

If a, b, and c are linked and in the order given, with a and h 
20 map units apart (assume that no doubles occur within this 
region) and and c 10 map units apart, what frequencies of 
the various phenotypes would you expect from the testcross 

J- J L- 

- — 7 — — a b c with a coincidence of i.o? With a coin- 

d t? c 

cidence of 0.5 ? 

Three genes in the X chromosome of Drosophila are located on 
the chromosome map as follows: a — 21, b — 31, and c — ^44. 
Given a coincidence value of 0.2, calculate the theoretically ex- 
pected frequencies of phenotypes among 1,000 individuals 
-i- h -4— 

from the cross ; — — 2 X a b c $ . 

a c 

From the five sets of data given in the following table determine 
the order of genes by inspection, Le,, without calculating re- 
combination values. 


Number of individuals 


■point testcross 

I 

2 

3 

4 

5 

+ 

+ 

+ 

317 

I 

30 

40 

305 

+ 

+ 

c 

58 

4 

6 

232 

0 

+ 

h 

4 - 

10 

31 

339 

84 

28 

+ 

b 

c 

2 

77 

137 

201 

XO7 

a 

+ 

+ 

0 

77 

142 

194 

124 

a 

+ 

c 

21 

31 

291 

77 

30 

a 

b 

+ . 

72 

4 

3 

235 

I 

a 

b 

c 

203 

I 

34 

46 

265 


5. In the third example given in the above table, assume an order 
other than that chosen as the correct one and, on the basis of 
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this order, calculate the recombination values for the two re- 
gions, the percentage of doubles, and the coincidence. 

6. From the data given below for the two three-point testcrosses in- 
volving (i) a, and o and (2) b, 0 and determine the 
sequence of the four genes a, b, c, and d, and the three single- 
region recombination values. 


(O (2) 


+ 

+ 

+ 

669 

b 

c 

d 

8 

a 

b 

+ 

139 

b 

+ 

+ 

441 

a 

+ 

+ 

3 

b 

+ 

d 

90 

+ 

+ 

c 

121 

+ 

c 

d 


+ 

b 

c 

2 

+ 

+ 

+ 

14 

a 

+ 

c 

2,280 

+ 

+ 

d 

153 

a 

b 

c 

653 

+ 

c 

+ 

64 

+ 

b 

+ 

2,215 

b 

c 

+ 

141 


7. With three linked genes in maize, two recessive and one dominant, 

and each present singly in a separate strain, outline the pro- 
cedure necessary to make a three-point testcross. 

8. Given three stocks of Drosophila each homozygous for a different 

one of the three sex-linked recessives scute (sc), crossveinless 
(cv), and cut (ct), outline the procedure you would follow 
for making a triple recessive stock sc cv ct. (Look up loci on 
map, figure 32, and see note in problem 8 of Chapter V.) 

9. Assuming a and b to be second chromosome genes in Drosophila 

located 10 units apart and c and d to be third chromosome reces- 
sives 5 units apart, determine the phenotypes and their frequen- 
cies expected from the cross i — ^ 2 yi a b c d ^ . 

<t b c d 

10. Given two Drosophila stocks y rb, and w, how would you go about 
making a stock homozygous for y w rb? (Look up loci of 
these genes on chromosome map.) 



CHAPTER VII 


RELATION OF CROSSING OVER TO MEIOSIS 
ATTACHED-X CHROMOSOMES 

Sex-linkage in Drosophila was described in Chapter II. In 
this type of sex-linkage the X chromosome of a son comes from 
the mother and one X of a daughter is contributed by the father 
— ^thus giving rise to the expression **crisscross” inheritance. With 
certain laboratory stocks of Drosophila these relations break down. 
Thus if females of a particular stock of yellow {y, the same body 
color gene already considered in Chapter V), are crossed to wild- 
type males we get the rather surprising result that the Fi females 
are all yellow like the mothers and the Fi males are all wild-type 
like the father. This behavior is repeated indefinitely in subse- 
quent generations—/.^., all females are yellow, and all males are 
wild-type. This is of course quite different from the usual type 
of sex-linkage. 

The explanation of this peculiar deviation from the normal con- 
dition is simple. Cytological examination of the somatic chromo- 
somes of the females of stocks that give this result shows that the 
two X chromosomes are attached to each other at their centromere 
endsj and in addition to these attached-X chromosomes there is a 
Y chromosome present in the females. Since the X chromo- 
somes are attached, they should both go to the same pole at the 
first meiotic division. Actually, the two X's do behave as a 
single unit and regularly disjoin from the Y chromosome as indi- 
cated in figure 36. On the basis of this behavior, the inheritance 
from mother to daughter and from father to son becomes dear. 

Indicating attached-X*s as XX, it is evident that in addition to 

XX Y females like their mothers and normal males like their 
fathers, the attached-X line regularly produces two other zygotes, 


AN INTRODUCTION TO GENETICS 


XI4 

individuals with three X chromosomes (XX X) and individuals 
with two Y chromosomes and no X chromosome. The former 
usually fail to survive to the adult stage and, if they do, the indi- 
viduals are phenotypically distinguishable, and are sterile; this 
type of individual will be discussed in connection with sex-deter- 
mination. The other type, YY, dies in the egg stage, Because 

of the inviable or sterile zygotes, XX lines are only half as pro- 
ductive as are normal lines. 
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Fig, 36.— Chart showing the inheritance of the sex-linked recessive yellow 
body color (y) in a strain of Drosophila with attached-X chromosomes. The 
Y chromosome in this and the following diagrams is represented in outline. 

Verificatioii of Chromosome Theory.-— In addition to providing 
the geneticist with an exceedingly useful tool, attached-X chromo- 
somes are of interest in another connection. Such attachment of 
the X chromosomes was first inferred by L. V. Morgan from 
anomalous genetic results. The attached-X hypothesis was de- 
veloped to account for these genetic results, and cytological ex- 
amination showed the correctness of the hypothesis. This, then, 
is another example of the striking agreement between breeding 
results and chromosome behavior that originally led to the chro- 
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mosome theory of heredity and that has repeatedly shown the 
correctness of that theory. 

Grossing Over in Four Strand Stage.^ — Attached-X chromo- 
somes provide one means of demonstrating the correctness of an 
assumption of which we have consistently made use in previous 
chapters, namely, that a given crossover involves only two of four 
chromatids. As first shown by Anderson, it is possible by means 
of special techniques to obtain attached-X females in which the 


+ 



Fig. 37."— Schematic representation of the behavior of X and Y chromosomes 
at meiosis in attached-X females of Drosophila heterozygous for yellow, and 
with no crossing over between the two attached X chromosomes. 

two X’s differ in their gene content—/.^., are heterozygous. If 

phenotypically wild-type XX females, heterozygous for yellow, 
are mated to males of any type, their daughters will be of two 
phenotypes, about 80 per cent wild-type and about 20 per cent 
yellow bodied. The occurrence of yellow daughters, which can 
be shown to have two y alleles and to have their X’s still 
attached, shows that there must have been two alleles present 
in the mother at some time during the meiotic divisions, for 
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otherwise there would be no way for an egg to receive two such 
alleles. The yellow daughters are accounted for by assuming 
that four chromatids are present at the time crossing over occurs, 
and that crossing over occurs between the centromere and the 
locus of yellow. Figure 37 illustrates the meiotic behavior with- 
out crossing over in attached-X females. The result of divisions 
such as this is either an egg with a Y or an egg with attached 
X*s, one X with the other with y. Figure 38 illustrates the 



Fig. 38 .— Meiosis in attached-X females of Drosophila with a single ex- 
change between the centromere and the locus of yellow. Note that the attached- 
X gametes ar^ homozygous for either yellow or its wild-type allele. 


consequences of meiotic divisions during which a particular type 
of aossbver has occurred between the centromere and the y locus. 
Statistically, such divisions will give eggs of the following kinds 
with the relative frequencies indicated: 

With a y chromosome ........... 2 

With XX, homo2ygous for y . . . , . .1 
With homozygous for jrh , ... . . 1 
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Daughters homozygous for the allele will be pheaotypically 
indistinguishable from heterozygous sisters, but they can of course 
be identified by testing them in the next generation; they give no 
yellow females among their progeny. In the case of a semi- 
dominant gene, such as bar, both homozygotes can be detected 
phenotypically. 

Since there is no simple way of getting females homozygous 
for an X chromosome gene for which the attached-X mother was 



Fig. 39. — ^Percentage homozygosis of recessive alleles of genes heterozygous 
in attached-X females of the preceding generation. Circles represent observed 
values, while the curve represents values calculated from the observed crossover 
frequencies. (From Beadle and S. Emerson.) 

heterozygous, except as indicated above, we conclude that crossing 
over does occur at a stage of meiosis at which four chromatids are 
present. This is often spoken of as crossing over in the four- 
strand stage, sometimes, in tht double-strand stage. 

Homozygosis Frequencies. — In dealing with attached-X chro- 
mosomes, the frequency with which one allele of a heterozygous 
gene-pair becomes homozygous among the following generation 
is frequently referred to as the homozygosis frequency. It follows 
from the explanation given that the homozygosis frequency should 
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be a function of the amount of crossing over between the centro- 
mere and the locus under consideration. When this is studied 
experimentally, it is found that homozygosis values are very low 
for carnation (car) a.nd increase in direct proportion to map dis- 
tance up to about garnet (g). For genes to the left of garnet 
the homozygosis frequency increases, but the relation to map dis- 
tance is no longer linear (Fig. 39). This non-linear relation is 
a result of double crossing over. The homozygosis curve tells us 
that yellow is at the distal end of the X chromosome — i.e., the 
end away from the centromere. 

Examining the relation of crossing over and homozygosis in 
more detail: of the four possible single exchanges between the 
centromere and a marked locus, we see that only two result in 



Fig. 40.~“Scheme showing the four possible non-sister-strand exchanges in 
attached-X females of Drosophila heterozygous for forked. On the assumption 
that the pair of strands indicated with an arrow is recovered in the egg nucleus, 
the results are: i — ^not detected, 2 — ^homozygous for -f-, 3 — ^homozygous for f, 
and 4 — ^not detected. It is important to the understanding of subsequent dia- 
grams that this particular method of determining the consequences of a given 
type of exchange be understood. 

XX gametes homozygous for one or the other of the two alleles 
present at this locus (Fig. 40). Designating the four possible 
exchanges by number and indicating the pair of chromatids that 
is recovered in a given egg by an arrow (Fig. 40), it is seen 
that exchange i does not involve the recovered strands and is 
therefore not detected. Exchange 4 involves both recovered 
strands but, since it merely interchanges distal segments of the 
two recovered strands, does not result in homozygosis. As indi- 
cated in the diagram this exchange is not detected. Exchange 2 
results in a gamete homozygous for the /+ allele and is detected 
only by genotypic test. Exchange 3 gives a gamete homozygous 
for the / allele and is phenotypically detected. It therefore fol- 
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lows that homozygosis for a particular allele of a gene is equal 
to one half the crossover frequency to the right of the locus of the 
gene, or is equal to one fourth the corresponding exchange fre- 
quency. These relations apply only for genes close enough to the 
centromere to justify disregarding double exchanges between the 
locus being studied and the centromere. 

Determination of Genotypes. — If two genes, say garnet and 
forked, are heterozygous as indicated in figure 41, the four pos- 
sible single exchanges between the two genes will give the results 
indicated. Exchange i is not detected, 2 gives a homozygote 
for g+ which cannot be distinguished phenotypically from a non- 



Fig. 41. — ^Results of the four possible non-sister-strand exchanges between 
the loci of garnet (g) and forked (f) in attached-X females of Drosophila. 
The pair of chromatids indicated by an arrow is assumed to be recovered in 
the egg nucleus in all cases. 


crossover, 3 gives a homozygote for g, and 4 simply interchanges 
the two alleles of garnet with respect to their relation to the 
alleles of forked. The only one of these that is phenotypically 
identifiable is the third. The other three can be differentiated 
by testing them further. The identification of these types depends 
on the frequencies of types recovered in a breeding test. The 
diagnostic crossover types in the next generation are given in 
figure 42. The fourth type is known as a reciprocal crossover 
type. As is seen in figure 42, no offspring from this type are 
homozygous for both the g and f alleles. Such offspring would 
be obtained only following a triple exchange of the proper kind. 
These do not occur within the regions under consideration because 
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of interference. If the regions are long enough to give such triple 
exchanges, their frequency is rare as compared with singles, and 
there is therefore no difficulty in determining genotypes. The 
basis of these tests, as may be seen by study of the figures, is the 
determination of the combinations of alleles that become homo- 
zygous together following crossing over. 

Ratio of Different T3rpes of Double Exchanges.— We can, by 
taking advantage of the fact that two chromatids are recovered 


2 3 4 





Fig. 42.— The method of distinguishing the four genotypes shown as re- 
covered products in figure 41. In each case, only the diagnostic crossover types 
are shown. Recovered chromatids or chromatid segments are indicated in the 
tetrads (above for each pair) by heavy lines. 

from a single meiotic process in attached-X females, find out 
whether 2-, 3-, and 4-strand doubles occur with the relative fre- 
quencies 1:2:1 expected if exchanges involve the four chromatids 

at random. Taking XX females heterozygous for vermilion, gar- 
net, and forked, as shown in figure 43, individuals can be selected 
from among the offspring that are homozygous for g but not for 
V or /. They must result from double exchanges in the two re- 
gions. There are four possible types of these as shown in fig- 


i 
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ure 43. These will give two types of progeny and this can be 
used as a means of identifying them. Since one type is given by 
4-strand doubles, the other type by 2-strand doubles, and both 
types in equal numbers by 3-strand doubles, an equality of the 
two types will indicate that 2- and 4-strand double exchanges 
occur with equal frequencies. Th^ available data agree with the 
assumption that this is the case. By comparing the frequencies of 

^ S f wifh ^ ^ ^ J and —i — genotypes, as de- 


f 


g+ f 


P / 


termined by testing, one can compare the relative frequencies of 
2- and 3-strand double exchanges. Actual data indicate a 1:2 
ratio of these types. 



Fig. 43,"— Diagrams showing methods of determining the relative frequen* 
cies of 2 -strand and 4-strand double exchanges in an attached-X strain of Dro- 
sophila. The details of these are given in the text. 


Attached-X stocks of Drosophila, then, have made it possible 
to determine several of the characteristics of the process of cross- 
ing over that we cannot find out about from a study of normal 
stocks. There are other examples of this same general nature- 
in which deviations from the normal hereditary mechanism give 
valuable information about the nature of the mechanism. 


DETACHMENT AND THE Y CHROMOSOME 

About one out of every 2,000 eggs produced by an attached-X 
female contains a single X chromosome. This may give rise to 
an exceptional female or to an exceptional male, depending on 
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whether it is fertilized by an X- or a Y-bearing sperm. Cyto- 
logical study of these exceptions shows that a single X derived 
from two attached-X chromosomes, a process known as 
menty]i2iS ^ of a Y chromosome attached to it, either a short 
arm or a long arm. Such detachments result from rare crossing 
over between an X and the Y chromosome near the centromere 
(Fig. 44). It is assumed that near the centromere, the X and Y 
chromosomes are homologous, and cytological observations on the 
male show that these regions conjugate. This assumption is 
strengthened further by the fact that the sex-linked gene bobbed, 
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Fig. 44.— Meiotic divisions in attached-X female of Drosophila showing 
crossing over between one member of a pair of attached-X chromosomes and 
the Y chromosome. 


known to be located very near the centromere, has an allele in the 

Y chromosome; it is the only gene known in the X chromosome 
of Drosophila that does have a definite allele in the Y. 

Heterochromatin.— It has already been pointed out that the 

Y chromosome is largely empty. Such genetically empty chro- 
matin is frequently called mef/ by geneticists and appears to be 
identical with the heterochromatin of cytologists. The argument 
of localized homology betw;een X and Y chromosomes is strength- 
ened by the fact that all of the genes in the X chromosome with 
the exception of bobbed lie in the distal two thirds of the chro- 
mosome as seen at somatic metaphase. In other words, the prox- 
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imai one third is inert like most of the Y. Cytologically, hetero- 
chromatin can often be identified by the fact that under certain 
conditions it stains more deeply than does active or euchromatm, 
Cytologically it can be shown that there is heterochromatin near 
the centromeres of all the autosomes of Drosophila. Further- 
more, heterochromatin is widely distributed in many plants and 
animals. 

RECOVERY OF ALL PRODUCTS OF MEIOSIS IN PLANTS 

In some of the lower plants it is possible to recover all four 
haploid products of the two meiotic divisions of a single diploid 
cell, and to determine their genetic constitution individually. This 



SECOND DIVISION 

MITOTIC DIVISION 

Fig. 45.— Diagram of the formation of ascospores in Neurospora. Above, 
the arrangement of spindles leading to a regular linear orientation of ascospores 
is given. Below, the behavior of one pair of chromosomes at the first and 
second meiotic divisions and during the subsequent mitotic division. 

has been done in Sphaerocarpos, a liverwort, by Allen. An even | 

more convenient organism for this purpose is the ascomycetous | 

mold, Neurospora, which has been studied by Dodge and by ! 

Lindegren. In this plant, as in other Ascomycetes, the ascospores j 

are haploid and result from meiotic divisions in a mother nucleus. | 
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The products are arranged in a regular manner in a sac-like struc- 
ture, called an ascus, as indicated in figure 45. The four products 
of meiosis go through a haploid mitotic division as in many other 
Ascomycetes, giving rise to eight ascospores. Thus there are 
always four pairs, the two members of each pair being genet- 
ically identical. The advantage of using this organism is that the 
ascospores can be taken out in order and cultured separately. The 
four at one end of the ascus were separated from the four at 
the other end at the first meiotic division; the two pairs of ad- 
jacent (and identical) spores within each group of four were 
separated at the second (Fig. 45). The spores germinate di- 
rectly into haploid individuals, so that no complications result 
from fertilization, from dominance, etc. Several linked genes 
are known in Neurospora. Genetic analysis of groups of eight 
ascospores in which such genes are segregating shows that ex- 
changes within a given short region never involve more than 
two chromatids. Furthermore, it may be shown directly that 
segregation for genes may occur during either the first or second 
meiotic divisions, depending on whether a crossover has occurred 
between the centromere and the locus concerned (Fig. 45). It 
can be shown also that for two pairs of heterozygous linked genes 
one pair may segregate during the first division, the other during 
the second division (Fig. 45). Here, too, it is a simple matter 
to determine the relation between different types of double ex- 
changes, though this has not as yet been satisfactorily done, be- 
cause of lack of good genetic characters localized within one arm 
of a single chromosome. The analysis of Neurospora hetero- 
zygotes agrees with evidence from several other organisms in 
showing that the process of crossing over occurs during the first 
of the two meiotic divisions. 
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Problems 

1. A single male showing a new character is found in Drosophila. 

When this male is crossed with wild-type females, the Fj con- 
sists of wild-type individuals only. What does this tell one 
about the inheritance of the mutant character? If a cross be- 
tween the mutant male and an attached-X females gives daugh- 
ters like the mother and all of the sons like the father, what 
additional information does this result give one? 

2. If a yellow attached-X Drosophila female is mated to a male that 

is white-eyed and is homozygous for the vestigial gene \ vg— 
second chromosome), what are the genotypes and phenotypes 
expected among the ojffspring? 


3. Starting with an attached-X female of the constitution 


H — |- + 


y ^ 

indicate diagrammatically the crossovers necessary to give daugh- 
ters of the following genotypes: 


2 l, y -j- 


ct V 

ct + 


y ct V 


c, y ct V 

d. y 


ct V 
ct 


-j- ct V 


e. + ct 
T 


+ 


+ 


What would you deduce as to the genotypic constitutions (for 
loci y ct v) of an attached-X female that gave rise to the fol- 
lowing phenotypes among her daughters (all other phenotypes 
with a low frequency) ? 


+ 

y 

y ct 
y ct V 


b. 


+ 

y 

y ct 


c. ct 
y ct 
ct V 


d. 


+ 

y 

y ct 


e. 


+ 

y 

ct 


What phenotypes would you expect from attached-X females of 
the following genotypes? 


y + + 

y rb cv 

b. 4“ 'cb 4- 
y 4 " cv 

c. 4" cv 

y + +' 


y rb cv 
e. y rb -4 


4 . cv 
y 4 . 4 , 
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6. Assuming that attached-X females of the constitution and 

^ y cv 

wild-type males are available, outline the procedure you would 
use to maintain cultures from which females of this same con- 
stitution could be obtained. 

7. The Y chromosome in Drosophila usually carries the normal allele 

of the recessive sex-linked gene bobbed. What would be the 
appearance of females and males in a culture in which all X’s 
carried a recessive bobbed allele.? Give the results through the 
F2 generation of a cross between a bobbed female and a male 
from a true-breeding wild-type stock. (Note: It is possible to 
have a recessive bobbed allele in a Y chromosome, atoough this 
is not the usual condition.) 

8. What would be the result of the reverse of a crossover that gives 

rise to a ‘‘detachment’' of attached-X chromosomes ? (See fig- 
ure 44.) What method does this suggest for making up at- 
tached-X stocks of desired constitutions? 

9. If a heterozygous gene a in Neurospora segregates in the second 

meiotic division in 10 per cent of the asci, what is the map 
distance between the centromere and the locus of a? If gene b 
shows 8 per cent crossing over with the centromere, in what 
per cent of the asci would it show first division segregation? 

10. With the three genes 4, and c located at 10, 20, and 25, re- 
spectively, on a chromosomes map, what would be the double 
crossover frequency with coincidence of 0.5 ? The double ex- 
change frequency with this coincidence? 



CHAPTER VIII 


INTRA-CHROMOSOMAL REARRANGEMENTS: 

INVERSIONS 

Up to this point it has been assumed that the arrangement of 
hereditary material is invariable within a species; that is, that the 
number of chromosomes is constant and that the sequence of 
genes within a chromosome is permanently fixed. We have, of 
course, considered the orderly interchange of corresponding seg- 
ments of homologous chromosomes known as crossing over, but 
this has no effect on the arrangement of loci; it merely results in 
new combinations of alleles. The constancy in arrangement of 
chromatin is only relative; changes do occur in the sequence and 
grouping of loci, but such changes are rare under natural condi- 
tions. The frequency with which changes of this kind occur can 
be greatly increased by means of artificial radiation — ^x-ray treat- 
ment for example. In addition to changes in genes themselves, 
which will be considered in Chapter XV, x-rays result in varioixs 
kinds of chromosome rearrangements or aberrations. For exam- 
ple, a segment of a given chromosome may be inverted with re- 
spect to its previous arrangement. If, at meiosis, one chromo- 
some has the old arrangement and its homolog has the new 
arrangement, it is evident tha,t there will be mechanical diflicul- 
ties when like parts come to pair during conjugation. The study 
of chromosome pairing in such stfuctural heterozygatesy mA. oi 
the genetic consequences, gives information as to the general prop- 
erties of the mechanisms concerned. 

lUegitiinate Crossing Over.- — The exact mechanism by which 
chromosome rearrangements arise is not known. It has been sug- 
gested by Serebrovsky that the process by which they occur is 
similar to crossing over but involves non-corresponding parts of 
chromosomes or even non-homologous chromosomes (a process 
sometimes known as '‘illegitimate crossing over’*). It is not clear 
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just how far this analogy with crossing over can be carried, but 
the interpretation on this basis at least provides a convenient 
means of classifying chromosome aberrations. In the diagrams 
based on this interpretation we have indicated one difference from 
true crossing over, namely, that only two chromosome threads are 
present at the time of breakage and reunion. Presumably re- 
arrangements may occur either before or after splitting; the chro- 
mosomes are shown as single only because the diagrams are 
simpler. 

Types of Rearrangements. — The various possible reorganiza- 
tions within a single chromosome following illegitimate crossing 
over are shown .in figure 46. An internal loop followed by break- 
age and reunion along a new plane may give rise to an inversion, 
in which, in effect, an internal segment is removed, turned 
through 180 degrees, and reinserted. The inverted segment may 
or may not include the centromere. The same configuration, fol- 
lowed by breakage and fusion along a different plane, can give 
rise to a chromosome with a ring-segment removed. If the loop 
does not include the centromere, the chromosome from which the 
segment is removed will retain its centromere, and the closed or 
ring-segment will be acentric (have no centromere). If, on the 
other hand, the loop does include the centromere, the ring will 
retain the centromere and the rod segment will be acentric. All 
of these aberrations are known either genetically, cytologically or 
both. 

The origin of aberrations involving non-homologous chromo- 
somes is indicated in figure 46. Interchange of segments of non- 
homologous chromosomes is known as reciprocal translocation ot 
sometimes as segmental interchange. Only one of the two pos- 
sible planes of breakage and reunion gives rise to a translocation 
in which each new chromosome has a single centromere. Re- 
union in the other new plane gives one acentric and ont dicentric 
(two centromeres) chromosome. Acentric and dicentric chromo- 
somes or chromosome rragments are not usually transmitted from 
one cell generation to another with any regularity. 

Inversions — ^Of the various types of aberrations mentioned 
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above and indicated in figure 46, only inversions will be consid- 
ered in any detail in this chapter; the other types will be discussed 
later. 



RING 



Fig. 46.-— Diagram of results expected from illegitimate crossing over. From 
above: Production of inversion, deletion, centromere-including inversion, ring- 
chromosome, reciprocal translocation, and dicentric and acentric translocation 
chromosomes. In all cases acentric chromosomes are eliminated. (Based on 
Serebrovsky's scheme.) 

In an individual in which one member of a pair of homologs 
carries an inverted segment — an imersion heterozygote — conjuga- 
tion in the structurally heterozygous pair can be complete only if 
the pachytene chromosomes are thrown into loops. Cytological 
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studies of several plants have sho-wn that conjugation actually does 
occur in this way. For example, McClintock has studied inver- 
sions in maize and has found pachytene configurations such as 
those shown in figure 47 (see also Plate III, Fig. B) . 



Fig 47.— Diapam of conjugation of two homologous chromosomes with 
relatively inverted segments. Above, the two chromosomes numbered to in- 
dicate homology. The inverted segment is set off with arrows. Below, con- 
figuration resulting from complete pairing of homologous parts. 

SALIVARY GLAND CHROMOSOMES 

Many inversions are known in Drosophila, most of them first 
detected through genetic studies on crossing over. Unfortunately 
Drosophila is particularly difficult material for cytological studies 
of the meiotic divisions, primarily because of the small size of the 
chromosomes, and it has not been possible to study the process 
of conjugation of homologous chromosomes. It has been found, 
however, that the chromosomes of the salivary glands of larvae 
of Drosophila undergo a process of pairing very much like that 
characteristic of meiotic chromosome conjugation. These salivary 
gland chromosomes, known as a cytological "curiosity” for some 
fifty years and only recently fully appreciated, are extremely use- 
ful in studies of chromosome organization and of chromosome 
rearrangements. 

Salivary gland chromosomes of the type found in Drosophila 
are found in most of the species of the insect order Diptera, and 
are unknown outside of this order. They are found in the large 
cells of the larval salivary glands, in which the chromosomes 
attain their maximum size at about the time of puparium forma- 





Fig. 48.- — ^The salivary gland chromosomes of Drosophila meianogaster. The 
upper line shows the linkage map of the X chromosome, with corresponding 
points on the salivary gland chromosome indicated. The numbered sections 
below each chromosome are arbitrarily chosen, for convenience in referring to 
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tion. These chromosomes are unusual in that they remain in a 
prophase*like condition — a characteristic that makes them particu- 
larly convenient for cytological study. The nuclei of the salivary 
gland cells do not take part in further mitotic divisions; the cells 
break down in the early stages of metamorphosis. Another im- 
portant property of these chromosomes is that they are clearly 
differentiated by cross discs. Discs at different levels vary in size 
and reaction to stain, but corresponding discs in chromosomes 
from different cells are similar in these respects. This cross band- 
ing results in patterns that are characteristic of particular regions 
of particular chromosomes. These are shown in the photomicro- 
graph reproduced in figure 49, and are indicated semi-diagram- 
matically in figure 48. As indicated above, the two members of 
a pair of salivary gland chromosomes undergo a very intimate and 
regionally specific pairing similar to meiotic conjugation. This 
pairing is so intimate that it gives the appearance of an actual 
fusing of the chromosomes. The strands shown in the photo- 
graphs appear superficially single but they arose by pairing of 
two originally separate homologs. As a matter of fact, it is be- 
lieved that each separate homolog is made up of many ultimate 
chromosome threads, and that this may explain their large size, 
each apparent single chromosome really represents many 
chromosome threads lying parallel. The cross-discs may be made 
up of groups of homologous chromomeres. 

The Chromocenter, — ^Examination of salivary gland chromo- 
some preparations of Drosophila melanogaster shows what appear 
to be six units (Figs. 48 and 49). As indicated above these are 
paired. It will be recalled that somatic divisions show four pairs 
of chromosomes. This apparent discrepancy results from the 
fact that the arms of the V-shaped second and third chromosomes 
appear to be separate in the salivary gland nuclei. The hetero- 
chromatin near the centromeres is diffuse and more or less in- 
distinct. Furthermore, the heterochromatin of all the chromo- 
somes forms a single aggregate and results in the typical arrange- 
ment in which chromosome arms radiate from a common center. 
This aggregate of heterochromatin in salivary gland nuclei is 
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known as the chromocenter. In some other Diptera, for example, 
Qiironomus or Sciara, there is no common chromocenter, and the 
number of separate units in the salivary glands is the same as 
the number of pairs of mitotic chromosomes. The Y chromosome 
of Drosophila appears largely as chromocentral material in male 
salivary gland preparations. 


INVERSIONS 


_ _ Drosophila melanogaster. There are 

five long arms (X and right and left arms of 2 and 3) and one very short one 
(4), attached to a common chromocenter. Each arm is made up of two paired 
homologs. Progressing clockwise from the lower left of the figure, the chromo- 
some ends are 2 right, 2 left, 3 left, X, 4 (short chromosome extending to the 
right of the chromocenter), and 3 right. The X is homozygous for the inver- 
sion shown in heterozygous form in Plate III, A. (Photograph from Dr. B. P. 
Kaufmann, to appear in Journal of Her edify,) 


Conjugation in Inversion Heterozygotes.— The pairing of 
homologous salivary gland chromosomes in an inversion hetero- 
zygote in Drosophila is shown in Plate III, figure A. The strik- 
ing characteristic of pairing here is that there is an exact alignment 
F corresponding cross bands. Also it is clear that within the 
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inversion loop, one homolog has an inverted sequence with respect 
to the other. Careful comparison with the salivary gland chromo- 
some map shown in figure 48 shows that the inverted segment 
is in the X chromosomes and includes a segment extending from 
section 4 to section ii. It is evident that a study of the band 
patterns at the point where a change in homology in the two 
members of the chromosome pair occurs enables one to localize 
the inversion ends exactly. This cytological localization of inver- 
sions can be correlated with genetic behavior, and this correlation 
provides one method of identifying genetic linkage groups with 
particular chromosomes as observed cytologically. As an example, 
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SECOND DIVISION 


Fig. 50.— -Results of single exchange between homologs with relatively in- 
verted segments. Conjugation is indicated only for the inverted segments. 
Only the non-crossover chromatids give rise to whole chromosomes with one 
centromere. 

the inversion shown in Plate III, figure A, can be shown by purely 
genetic means to be in the X chromosome; obviously, then, the 
group of sex-linked genes must be carried in the chromosome 
that shows the inversion configuration in the salivary glands. 

Exchange in Inversion Heterozygotes. — ^Inversions in Drosoph- 
ila were first detected by their effect on recombination frequencies; 
in fact, they were known simply as ''crossover reducers'' for many 
years before their true nature was understood. Crossing over be- 
tween a pair of homologs heterozygous for an inverted segment 
should result in no serious consequences if the crossovers occur 
outside the limits of the inversion loop. Crossovers within the 
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inversion loop, however, will lead to mechanical difficulties in 
meiosis. Indicating conjugation between inverted segments only, 
we see from figure 50 that a single exchange will give rise to 
one dicentric and one acentric chromatid. During anaphase of 
the first meiotic division, with the two centromeres moving toward 
opposite poles, the dicentric chromatid evidently forms a tie be' 
tween the centromeres. Cytological studies of meiosis in inver- 
sion heterozygotes, especially in plants, show that such ties or 
chromatin bridges do occur (Fig. 51). Such studies also indicate 
the fate of the acentric chromatid. Since it has no centromere, it 
does not become attached to the spindle and consequently remains 



Fig. 51. — ^Telophase of first meiotic division in Fritillaria showing chro* 
matin bridges and acentric fragments resulting from crossing over between seg- 
ments inverted with respect to each other. The difference in the she of the 
fragments results from differences in positions of the different inversions in- 
volved. (After Bennett.) 

behind or "lags” during anaphase separation (Fig. 51, Plate III, 
C, D, E, F) . This failure of an acentric chromatid or chromosome 
to move toward one pole or the other during cell division is a 
general rule; acentric chromosomes formed in other ways show 
similar behavior. 

Scute-4 Inversion. — As a more or less typical example of a 
long inversion in the X chromosome of Drosophila, we can take 
the one known as the scute-4 inversion (symbol, In sc*-, the ter- 
minology for inversions has not been systematized— -this name 
comes from the fact that this inversion is associated with a scute 
allele known as scute-4). This inversion involves the greater 
part of the active material of the X chromosome; it extends from 



(All photographs of maize chromosomes by kindness of Dr. Barbara 
McCIintock,) 

A, Salivary gland chromosome conhguration of deIta-49 inversion hetero- 
zygote in the X-chromosome of D. melanogaster. (Photograph by Miss Mar- 
garet Hoover.) 

B, Pachytene configuration in a maize plant heterozygous for an inversion in 
chromosome 2. Note the loop configuration shown here. 

C, Anaphase bridge and acentric fragment resulting from crossing over be- 
tween relatively inverted segments of chromosome 4 of maize. 

D, A later stage than shown in C. The bridge has broken, but the acentric 
fragment remains between the two groups of chromosomes. 

E, A double bridge and two acentric fragments (not lying free of the 
bridges) following a 4-strand crossover between the same relatively inverted 
segments as are concerned in C and D. 

F, Second meiotic division anaphase in chromosome 4 inversion hetero- 
zygote. The unequal products of breakage of the bridge are seen near the 
inner cell boundaries in the two cells. The acentric fragment lies in the right 
riall inct- nhct-ve- the center. 
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just to the right of the scute locus to between carnation and bobbed 
(see chromosome map, Fig. 32, and salivary gland chromosome 
chart, Fig. 48). The progeny of a female heterozygous for this 
inversion show no single crossovers. Determinations of egg and 
larval mortality fail to show a frequency of inviable zygotes suf- 
ficient to account for the single crossovers expected to occur. 

Elimination of Single Crossover Chromatids, — ^There are two 
possible explanations of this apparent discrepancy, either: (i) 
single exchanges do not occur with any appreciable frequency or 



FOUjOWING b or c 

Fig. 5 2. —Results of single exchange between the two members of a pair of 
attached-X chromosomes that differ by a long inversion. From exchange A or 
D either a ring-chromosome or a non-crossover pair of chromosomes is recovered. 
From exchange B or C a chromatid tie results which, since it occurs at the 
second meiotic division, presumably results in an inviable egg. 

( 2 ) they, for some reason, are not included in the egg. Breakage 
of the dicentric chromatid would be expected to result in a broken 
chromosome which would either result in the death of the zygote 
or be detected genetically. The first point can be tested by de- 
liberately arranging conditions in such a way that, if single ex- 
changes do occur, some of the products will have a single 
centromere. This can be done by using attached-X females hetero- 
zygous for an X chromosome inversion. Here there is a single 
centromere for two chromosomes, and a single exchange within 
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the inversion can give rise to a ring chromosome with an extra 
segment near the centromere and a piece missing at the end (Fig. 

52) . If the extra piece and the missing piece are small, the ring, 
in combination with a normal X chromosome, will give rise to 
a viable female. The frequency of these '"exceptions” to the at- 
tached-X type of sex-linkage shows that single crossing over within 
a long inversion is not much different from that characteristic for 
the same segment of chromosome normally arranged. This in- 
direct genetic evidence agrees with the cytological evidence in ^ 
maize (McClintock) , in other plants, and in some animals {e.g., 
grasshoppers, Darlington), which is based on the occurrence of 
bridges and fragments in inversion heterozygotes. 

The fact that single exchanges within relatively inverted seg- 
ments in Drosophila do occur but are not ordinarily recovered and 
do not kill the zygote, has led to the hypothesis that they are 
never included in the egg nucleus but are selectively eliminated 
in the polar body nuclei which take no essential part in develop- 
ment. In order to understand this interpretation it is necessary 
to know that the second division spindles in a Drosophila egg are 
arranged in tandem, i.e., the axes of the two spindles lie approxi- 
mately on a single straight line. The dicentric chromatid bridge 
ties the homologous centromeres together during the first division, 
and the acentric chromatid is left between the resulting daughter 
nuclei (Fig. 50). At the second division, the non-crossover chro- 
matids are free to move into the terminal nuclei (Fig. 50). Since 
it is always one of these terminal nuclei that functions as the egg ^ 
nucleus (the one farthest from the surface of the egg), it is evi- 
dent that only a non-crossover chromatid can be recovered. 

Inversions and PatrocHnous Males.— Considering now the 
three possible types of double exchanges within an inversion, it is 
evident that a 2-strand double results in no difficulty. Disjunction 
is normal, and there is an equal chance of recovering a non-cross- 
over or a double crossover chromatid in the egg nucleus (Fig. 53) . 

On the other hand, a 3-strand double gives the same geometrical 
configuration as does a single exchange (Fig. 53). Of the three 
types of double exchanges, the 4-strand double is particularly in- 


4 -STRANO 



NO X 



NOX 


Fig, 53. — ^Diagrams showing the consequences of double exchanges between 
relatively inverted segments in X chromosomes of Drosophila. Each type of 
double is diagrammed in three successive stages, reading downward. Either 
the right or left product of the second divisions may be included in the nucleus 
that functions as the egg nucleus. 
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teresting. As seen in figure 53, it gives rise to two dicentric and 
two acentric chromatids. Such configurations have been seen in 
plants. Following the assxunptions made in connection with sin- 
gle exchanges, all four chromatids should remain in the two cen- 
tral nuclei during the second meiotic division; that is, nothing, so 
far as the X chromosome is concerned, should get into the egg 
nucleus. This is exactly what does happen. It can be shown 
genetically that females heterozygous for a long X chromosome 
inversion give rise to patrocUnous males, that is, males that re- 
ceived an X chromosome from their father and no X from the 
mother. The eggs that give rise to such exceptional males are 
known as "no-X” eggs. 

Inversions and Types of Double Exchanges. — ^If we put down 
the expected products following double exchanges involving 
strands at random {i.e., a 1:2:1 ratio of 2-, 3- and 4-strand 
double exchanges), we have the following, with the frequencies 
indicated: 



Recovered in egg nucleus 

Exchange 

Non- 

crossover 

Double 

crossover 

No-X 

egg 

2-strand 

I 

I 


3- strand 1 

4- strand 

2 

2 

■' 2 

Total 

3 

3 

2 


Since double aossover chromatids and no-X eggs are both pro- 
duced by double exchanges, the relation between them will be 
fixed (there will be a small correction for triple exchanges, but 
this will be insignificant for most inversions). Since half the 
no-X eggs are fertilized by sperms carrying a Y chromosome and 
therefore give rise to inviable eggs, the indicated relation will be 
expressed, in terms of zygotes, as a ratio of three recovered double 
aossovers to one patroclinous male. This ratio agrees with the 
experimental results for X chromosome inversions. A further 
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check on this general interpretation is the fact that egg-inviability 
corresponds approximately in frequency to patroclinous males. 

The behavior of inversion heterozygotes in Drosophila pro- 
vides, in a rather indirect way, confirmation of the assumption 
that the crossover strands in multiple exchanges are involved at 
random; that is, that the strands which cross over at one level do 
not prejudice those taking part in another exchange. 

Inversions that Include the Centromere.— Crossing over within 
an inversion loop in which the centromere is included in the 
inversion will not give rise to acentric and dicentric chromatids, 
but results in complications of another kind as shown in figure 54. 
Here single exchanges give rise to two aberrant chromatids. One 



Fig. 54.— Complementary deficiency-duplications resulting from a single ex- 
change between relatively inverted segments including the centromere. Conjuga- 
tion of terminal segments is not indicated. 


of these will have one section of chromosome represented twice 
[di dupUcation) and another section not represented at all (a 
deficiency). The other aberrant chromatid will be the comple- 
ment of the first. Two chromatids are normal, one with the 
original sequence of loci and one with the inversion sequence. 
The fate of the duplication-deficiency chromosomes that result 
from such exchange will depend on both the length of the inver- 
sion and the organism concerned. In maize, the only organism in 
which such an inversion has been studied both genetically and 
cytologically, these chromatids result in inviability of the gameto- 
phyte (Muntzing and Anderson) . 

Inversion Homozygotes.— It is possible to replace the alleles 
originally present in an inversion by taking advantage of the fact 
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that double crossovers can be recovered. In this way individuals 
homozygous for an inversion but heterozygous for genes within 
the inversion can be studied. A determination of the sequence of 
loci in a stock homozygous for an inversion shows that this 
sequence has been changed in relation to the original sequence. 
Thus, if the original sequence is I-2-3-4-5, the new arrangement 
may be found to be 1-4-3-2-5. This is, of course, a convincing 
demonstration that genes are arranged in a linear order in the 
chromosome. All loci within the inversion have their sequence 
changed in relation to those outside the inversion. From this it 
is clear that in the example given, the inversion ends lie between 
I and 2 at one end and between 4 and 5 at the other. Compari- 
sons of this kind between the position of inversion ends in terms 
of the genetic map and their positions in the salivary gland chro- 
mosomes, obviously can be used to localize genes in the physical 
chromosomes. Other methods of doing this are more efficient 
than this one, however; some of them will be discussed in later 
chapters. 

Double Inversion Heterozygotes. — It is possible for a pair of 
homologs to dijffer by two or more inversions. Thus in Drosoph- 
ila pseudoobscura, Dobzhansky and Sturtevant report differences 
of as many as five inversions between two third chromosomes. 
The cytological analysis of cases as complex as this is of course 
somewhat difficult. The genetic consequences of more than a 
single inversion difference between two homologs will depend on 
their relation to one another, whether independent (involving 
separate overlapping (each having a segment common 

to the other in the inversion, as well as a segment that is not com- 
mon), or included (one inversion entirely within another). 

Detecting Inversions. — ^From the foregoing account it is evi- 
dent that any one of a number of means can be used to detect 
inversions. Direct cytological detection of the characteristic in- 
version loop at pachytene or in the salivary gland nuclei has been 
used, and this method has one important advantage — very short 
inversions, difficult to detect in other ways, can be seen. This 
method is extensively used in studying Drosophila species. An- 


INTRA-CHROMOSOM AL R E A R R A N GE M E N TS 141 

Other C54:ological method of detecting inversion heterozygotes in- 
volves the observation of chromatin bridges and accompanying 
fragments at the anaphase of the first meiotic division. Darling- 
ton and others have shown, by the use of this method, that the 
frequency of inversion heterozygotes may be relatively high in 
wild populations. Inversions can be detected by determining the 
order of genes in the homozygote. This method is laborious and 
time-consuming, is not often used, although it was the original 
method of proving the existence of inversions. The apparent re- 
duction in crossing over in inversion heterozygotes has been used 
frequently in detecting such rearrangement of chromatin. This 
is the most useful genetic method, but because crossing over can 
be reduced in other ways, it requires confirmatory evidence. 
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Problems 


1, Draw the configuration expected with complete conjugation of all 

parts of two homologs differing by one inverted segment, 
r 2 3 4 5 6 7 8 and 1 2-6543*78, where centered periods 
indicate breakage points. 

2. What types are expected in the next generation following self- 

pollination of an inversion heterozygote in maize, — .iii ? 

I 32 4 


Give relative frequencies of the various types. 

3. The inversion in Drosophila known as In scute-y lies at the left 
end of the X chromosome. Females heterozygous for this in- 
version show no recovered crossovers for yellow and cut. Sin- 
gles between cut and singed are recovered rarely, while crossing 
over to the right of singed is normal. What per cent of cross- 
ing over would you expect between yellow and vermilion in an 
In scute-y heterozygote? (Look up iod on chromosome map.) 
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4. The five genes a, b, c, d, and e are linked in the order given and 

give the following crossover values: 

a — b 10 c — d 5 

b — c 5 d — e 10 

Assuming that the frequency of crossing over for each of these 
intervals remains unchanged, draw a chromosome map for an 
inversion homozygote in which the inversion breaks occurred 
just to the left of h and just to the right of d, 

5. Starting with an inversion in a wild-type stock, what method could 

you suggest for getting mutant genes into the inverted segment 
of the inversion-carrying chromosome? (For example, starting 
with a b c d e f, and the inversion show 

how to get the chromosome a+ d c 

6. Draw the configuration expected following complete conjugation 

of all parts of two homologous chromosomes that differ by two 
independent inversions, i 2 • 5 4 3 • 6 7 8 9 10 ii 12 
and I 2 3 4 5 6 7 • 10 9 8 • II 12. (It is suggested that 
heavy cord, modelling clay, or insulated copper wire can be 
used to advantage for making models of configurations of this 
kind. ) 

7. Draw the configuration expected with complete conjugation be- 

tween two homologous chromosomes that differ by two inver- 
sions, one entirely included within the other, 12 * 

10 9 8 7 6 5 4 3 - II 12 and i 2 3 4 • 8 7 6 5 • 9 10 ii 12. 

8. Draw the configuration expected with complete conjugation be- 

tween two homologous chromosomes that differ by two over- 
lapping inversions, e,g., 12-87 ^ 5 4 3 ‘ 9 10 II 12 and 
1234*1098765*1112. 

9. A normal chromosome map with four loci is 4 10 b 25 c 20 d. 


A four-point testcross, 7 ^ Y ^ b c 

a b e d 

following data: 

d gives the 

+ + + + 

360 

+ h + + 

0 

a b € d 

350 

a "1“ € d 

0 

-j- A c d 

42 

4- b c 4" 

4 

a + + + 

48 

a 4* 4“ d 

6 

— {- -j- c d 

0 

+ + ^ 4 ” 

0 

a b -p- 

0 

a b 4“ d 

0 

+ + + d 

92 

4- b + d 

0 

a h c 4- 

98 

a 4 ” c 4" 

0 
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How would you interpret these data on the assumption that an 
inversion is involved? 

10, If you desired to get males without a Y chromosome in Drosoph- 

ila,/.^., patroclinus XO males, by use of an inversion, what 
type of an inversion would you select for the purpose? Give 
reasons. 

11. The following three sequences are found for a single chromosome 

in different strains: 

(1) I 2 3 4 5 6 7 8 

(2) I 2 5 4 3 6 7 8 

(3) I 2 3 6 5 4 7 8 


Assuming that sequence (2) was the original one, what can be 
concluded concerning the order in which the other two arose, 
and concerning their relationship to each other? 


CHAPTER IX 


INTRA-CHROMOSOMAL REARRANGEMENTS: 

INCOMPLETE CHROMOSOMES 

DEFICIENCIES 

A deficiency may be defined as the absence of any chromosome 
section from a haploid set. There are various ways of obtaining 
aberrations of this type, as we shall see. Illegitimate crossing 
over, as explained in Chapter VIII, may give rise to a rod chro- 
mosome and an acentric ring. The rod chromosome has had an 
internal section removed (the ring) and the ends joined. A de- 


I 2 4 

. n 

I 2 4 5 

Fig. 5 5. —Scheme of conjugation between two homologs, one of which is 
deficient for a segment. The extent of the deficiency is indicated by arrows in 
the upper unpaired chromosome. ^ 

ficiency of this particular type in which an internal segment is 
absent is called a deletion. The conditions responsible for the 
origin of a deletion may be thought of as being similar to those 
responsible for the origin of an inversion with the difference that, 
instead of the segment being inverted, it is left out. 

Conjugation in Deficiency Heterozygotes.- — It is clear that 
two homologs that are heterozygous for a deletion {i.e., one nor- 
mal chromosome and one from which a section has been deleted) 
will have, corresponding to the missing section, a segment that 
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has nothing with which to conjugate. If the parts that do cor- 
respond conjugate completely, the segment of the normal homo- 
log for which there is no pairing partner will form an unpaired 
loop as shown in figure 55. Such configurations have been stud- 
ied in the pachytene stage of meiosis in maize. Deletions vary in 
size, from those involving very small segments to those in which 
an appreciable part of a chromosome arm is gone. Measurements, 
at pachytene, of the length of the unpaired loop in a deletion 
heterozygote tell one exactly how large a piece was deleted. Simi- 
lar cytological studies of deletions have been made in Drosophila, 
in the salivary gland nuclei. Because of the distinctness of the 
cross-bands in these chromosomes it is possible to detect extremely 
short deletions, even those in which only a single band is missing. 

Terminal Deficiencies. — ^Deficiencies of terminal segments of 
chromosomes have been reported in maize, in Drosophila, and in 
other forms. In Drosophila they are relatively infrequent as com- 
pared with internal deletions. In fact, they are so rare that it 
may be questioned whether true terminal deficiencies really exist 
at all. There are certainly instances in which careful cytological 
study indicates the loss of a terminal section. The difficulty here 
is that it is almost impossible to be sure that there is not a very 
small end segment still present. If deficiencies arise by illegiti- 
mate crossing over, it is somewhat difficult to imagine how a 
terminal deficiency could be produced. On the other hand, sim- 
ple breakage of a chromosome with loss of the acentric segment 
would give rise to such deficiencies. Several deficiencies that give 
every appearance of being terminal are known in maize. 

Phenotypic Effects of Deficiencies.— The genetic characteristics 
of deficiencies are interesting and useful in several respects. Many 
of them are viable in the heterozygous condition, and they may 
result in marked phenotypic modifications. In Drosophila only 
relatively short deficiencies are viable in the heterozygous form. 
For example, a deficiency for half the X chromosome, even in 
the presence of an entire normal homolog, results in death of the 
individual at an early stage of development. The length of a 
segment that can be absent in one haploid set of the zygote and 
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Still allow it to survive depends on the location of the segment. 
Apparently any part or all of the Y chromosome in a male can 
be deficient without serious consequences in somatic development. 
Often the phenotypic effects of a heterozygous deficiency are quite 
specific, for example, the absence of a short segment, including 
the locus of facet, in one of the X chromosomes of a female, 
gives rise to an adult with a characteristic phenotype called "‘notch.*’ 
Deficiencies for certain other short sections, when heterozygous, 
result in a characteristic shortening of the bristles of the fly and 
are known as “minutes.” Often the viability of a deficiency 
heterozygote is much reduced, particularly in those involving a 
relatively long segment. 

Absence of Genes in Deficient Chromosomes.— Granting that 
genes are strictly localized, it should follow that the removal of 
a definite segment of a chromosome would remove the genes 
within that segment. Thus, starting with a wild-type X chromo- 
some, the removal of sections near the left end should remove 
the wild- type alleles of one or more genes located in this region 
—unless, of course, the segment removed happens, by chance, not 
to include any known locus. Actually it can be demonstrated ex- 
perimentally that genes can be removed by removing sections of 
the physical chromosome. In an x-ray experiment, H. Slizynska 
induced a deficiency involving fifteen bands in section 3 at the 
left end of the X chromosome of Drosophila. This deletion- 
carrying chromosome, known to have carried the normal allele of 
the white gene prior to the treatment, was found to have no nor- 
mal allele of white. From this, it is possible to say that the 
white locus is somewhere within this fifteen-band segment. By 
studying a large number of such deletions, it is possible to localize 
genes more exactly than this. The results of studies of a series 
of deletions in the left end of the X chromosome are shown dia- 
grammatically in figure 56. In this series, every deletion in which 
band 3-c-i was missing gave genetic results indicating that the 
normal allele of white was absent. Since no other band was de- 
ficient in all of these deletions, it follows that the white locus 
must be in or near this particular band of the chromosome. In 
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the same way Other genes can be localized, as a study of figure 56 
will show. 

Localization of Genes. — Similar methods can be used in other 
organisms for localizing genes within a specific chromosome and 
in particular regions of the chromosomes. McClintock was able 
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Fig, 56.— Chart summarizing the cytological and genetical characteristics of 
13 deficiencies in the prune-echinus region of the X chromosome of Drosophila 
melanogaster. The genetic map is shown above. On the diagram of the salivary 
gland chromosome segment, bands are designated, for reference purposes, by a 
system of numbers and letters. The various deficiencies are given arbitrary 
designations in the column to the left. Black areas indicate regions known to 
be deficient, shaded areas those for which definite evidence could not be ob- 
tained. (From Slizynska.) 

to show, by studying deficiencies at the left end of chromosome 2 
of maize, that the liguleless (/g) locus must be very near the end 
of the short arm of this chromosome— within the last four chro- 
momeres, in fact. In a similar way it was shown that the japonica 
(;) gene in maize is localized near the end of the long arm of 
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chromosome 8. Other examples of a similar nature might be 
given. 

The fact that the above method of localizing genes gives con- 
sistent results in a great many independent instances, is of especial 
interest in that it provides strong confirmation of the general 
theory of the strict localization of discrete hereditary units. 

Deficiency Homozygotes. — ^Individuals homozygous for a de- 
ficiency rarely survive. In Drosophila, many deficiencies are known 
and only a few have been found that are not lethal to the indi- 
vidual. In general, zygotes homozygous for deficiencies die in 
the egg stage. There are, however, several cases in which indi- 
viduals completely deficient for a small segment of the X do 
survive in occasional males. One of these involves the loss of 
the yellow locus. It should be emphasized that all of these de- 
ficiencies are very short, there being only one or two known loci 
absent. Deficiency homozygotes are seldom obtained in seed 
plants because of inviability of the gametophytes containing a 
deficient chromosome. This inviability of haploid gametophytes 
deficient in a chromosome segment is comparable to the inviability 
of a diploid deficiency homozygote in animals; in both cases cer- 
tain loci are not represented. In maize there are deficiencies 
known that are not lethal in the female gametophyte, but in most 
of these instances, the same deficiency is lethal in the male gameto- 
phyte. This difference is presumably due to the more complex 
history of the male gametophyte which, of course, includes the 
production of a pollen tube. Another factor of importance in 
the transmission of deficiencies through the pollen of plants is 
the matter of competition in pollen tube growth. Pollen grains 
carrying a deficient chromosome, though potentially functional, 
may produce tubes with a slow growth rate and therefore never 
function in competition with normal pollen grains. 

The fact that practically all deficiencies are lethal in haploid 
gametophytes of plants or in homozygous condition in the diploid 
is of particular interest since it leads to the conclusion that, with 
few exceptions, there must be at least one representative of each 
locus present for development to proceed normally. In Drosoph- 
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ila, those exceptional cases in which an individual entirely de^ 
ficient for a short section of chromosome may survive, show that 
there is usually a very marked ejffect on viability as well as on 
particular developmental reactions. We shall return to this gen- 
eral question in other connections later. 

f 

DUPLICATIONS 

A chromosome from which a piece has been deleted may, in- 
stead of replacing a normal chromosome of one set, be present as 
an extra chromosome fragment. Any extra chromosome frag- 
ment, regardless of how it originated, is known as a duplication. 
A duplication may be independent of other chromosomes, that is, 
have its own centromere, or it may be attached to another 
chromosome. 

Phenotypic Effects of Duplications. — ^Duplications in Dro- 
sophila have phenotypic effects more or less in proportion to their 
lengths. Short ones may have very slight effects. Longer ones 
have progressively stronger effects — ^usually a roughening of the 
eyes, change in shape of the wings, modifications of bristles, and 
so forth. The effects depend also on the material present in the 
duplication, that is, in the particular segment involved. For the 
X chromosome and for the two large autosomes, duplications in- 
volving more than a small portion of the chromosome are usually 
lethal, even if present in only a single dose. Thus, a chromo- 
some from which a segment was removed can be present in a fly 
as a deletion only if the deficient section is relatively short, and 
as a duplication only if the deficient segment includes the greater 
part of the chromosome. 

Methods ^^0 Detecting Duplications.— In practice, duplications 
in Drosophila have often been obtained by mating >r-rayed males 
to attached-X females homozygous for several sex-linked reces- 

sives. An XX egg fertilized by a sperm carrying an X chromo- 
some fragment (a deficiency in the X chromosome of the male) 
may give rise to a duplication-carrying female. This will be de- 
tected genetically if the duplication carries normal alleles of the 
genes recessive in the female. Thus, if the attached-X female 
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is yellow and the duplication carries the wild-type allele of y the 
resulting duplication female will be not-yellow. This represents 
a general genetic property of duplications. Any wild-type alleles 
present in the duplication may be expected to ^‘suppress'' the 
effects of any recessives present in regions of the normal chromo- 
some corresponding to the duplication. 

y brw ec ct y B bb 
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Fig. 57 . — ^Diagrammatic representation of four X chromosome duplications 
in Drosophila melanogaster. An entire chromosome is shown above, active 
regions shown in black and inert regions (heterochromatin) in stippling. 
Centromeres indicated by open circles. (Based on figures by Dobzhanslqr,) 

Figure 57 represents a number of X chromosome duplications 
obtained in Drosophila melanogaster by Dobzhansky. These were 
obtained as a result of x-ray treatment, and all of them are clearly 
chromosomes from which large sections have been deleted. 

INVERSION CROSSOVERS 

There are other ways of obtaining both duplications and de- 
ficiencies. As was pointed out in the previous chapter, crossing 
over in an inversion heterozygote in which the inverted segment 
includes the centromere, will give a combination of a duplication 
and a deficiency, Le., a duplication for one end of the chromo- 
some and a deficiency for the other end. Crossing over between 
homologs differing by two inversions that have a common inverted 
region, may give rise to either duplications or deficiencies, or both. 
Two independent inversions, that is, those involving different seg- 
ments, are of no interest in this particu^^ The re- 
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suits of crossing over within the segments common to the two 
different inversions are shown diagrammatically in figure 58. Two 
inversions, one included within the other, can give rise to two 
complementary duplication-deficiencies, each deficient for one seg- 
ment and carrying a duplication for another. Overlapping inver- 
sions can give rise to double duplications or double deficiencies. 
Two inversions with one breakage point in common can give 
either a single duplication or a corresponding single deficiency. 
All of these types have been obtained in Drosophila. Like other 
duplications and deficiencies, they may be inviable in hetero2y- 

I 2 i 5 * 3 I 8 7 8 
INVERSION A 

12 3 6 5 4 7 a 
t INVERSION B t 



Fig. 58.— Consequences of an exchange, with the common inverted seg- 
ment, between homologous chromosomes that differ by two overlapping in- 
versions. The extent of the two separate inversions is indicated by arrows in 
the unpaired chromosomes at the upper left. The segments common to the 
two inversions are represented in outline. 

gous condition, depending on the extent of the deviation from'the 
normal amount of chromatin and also on the particular regions 
involved. These types, especially those in whidi small segments 
are deficient, are very useful in determining the location of in- 
version ends in terms of the genetic chromosome map. For 
example, the two inversions in the X chromosome of Drosophila 
known as In scute-4 and In scute-8 give two types of crossover 
products, one of them a deficiency for bobbed and no other 
known locus and a duplication for the scute locus. The comple- 
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mentary type is a duplication for bobbed and a deficiency for 
scute. As can be seen from figure 59, this tells us that the left 
break in In sc-4 is between scute (0.0) and silver (o.i), and the 
right one between carnation (62.5) and bobbed (66.0); that the 
left breaking in In sc-8 is between yellow (0.0) and scute (0.0) 
and the right one between bobbed (66.0) and the centromere 
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59’ — ^Schematic representation of the results of crossing over between 
the two X chromosome inversions. In scute -4 scute-8, in Drosophila. A 

large proportion of the chromosomes, common to the two inversions, is omitted 
in the diagram; this is indicated by the dotted outlines. The crossover products 
are complementary duplication-deficiencies involving the scute and bobbed loci, 

(exact map position not known, but very close to bobbed) . The 
same general technique has been made use of in locating the ends 
of other inversions in Drosophila. 

RING CHROMOSOMES 

Siiig'X in Drosophila. — ^Ring chromosome fragments such as 
are. indicated as arising by illegitimate crossing over (Fig. 46) 
are known in Drosophila, in maize and in several other plants. 
Their properties are of importance in connection with several 
problems of considerable theoretical interest. 

The ring-X chromosomes of Drosophila (usually referred to in 
the literature as "closed chromosomes’’ and designated by the 
symbol X') are so nearly complete chromosomes that for our pur- 
poses here they will be so considered. The two known ring-X 
chromosomes (X'-i and X'-®) each have a very short deficiency, 



IN TR A- CHROMOSOMAL R E A RR A N G E M E N T S I53 

in one case, at least, clearly to the left of the leftmost known locus 
(yellow) . There is likewise a short duplication near the chromo- 
center (Schultz and Catcheside). In both cases the ring chromo- 
somes arose as '^detachments” in attached-X females. This can 
be pictured as illegitimate crossing over between the very tip of 
one homolog and the base of the other. Ring-X males and homo- 
zygous ring-X females are viable. This then represents a case of 
a very short non-lethal deficiency involving material which con- 
tains no known gene locus. 

Crossing Over in Ring-X Heterozygotes. — ^Except for complica- 
tions due to crossing over at meiosis, ring-X chromosomes in 
Drosophila behave essentially like normal ones. In a ring chro- 
mosome heterozygote a single exchange leads to a dicentric chro- 
matid which forms a tie at the first division. This results in the 
elimination of the crossover products in the polar bodies in essen- 
tially the same way as does a tie following single exchange in an 
inversion heterozygote. Single exchange tetrads therefore result in 
the production of eggs with either a non-crossover rod-X or a non- 
crossover ring-X. Two-strand doubles result in no irregularities. 
Four-strand double exchanges give no-X eggs. The results of 
three-strand exchanges are somewhat complex and will not be 
considered in detail. One type of three-strand double leads to the 
formation of a second division chromatid tie. If this involves a 
centromere in the egg nucleus, it apparently results in the death of 
the egg. 

Crossing Over in Ring-X Homozygotes.—Single exchange in 
a ring-X homozygote gives rise to a dicentric ring chromatid of 
double size which forms a tie in the first meiotic division. Agaih 
only non-crossover chromatids are free to move into the terminal 
nuclei, and consequently only these are recovered in the egg 
nuclei (Fig. 60). Multiple exchanges lead to more complex 
results. 

Ring-fragments in Maize. — number of informative cases of 
ring-fragments have been studied in plants, especially by McClin- 
tock in maize. A ring-fragment may be present in addition to a 
normal diploid complement of chromosomes. In this event, it 
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behaves in many respects like other duplications. It is possible, 
for example, to have a plant in which the two normal fifth chro- 
mosomes carry the recessive gene brown midrib- 1 (^Wi) and a 
ring-fragment carrying the normal allele of this gene. The ring 
duplication "suppresses” the brown midrib character (brown pig- 
ment in lignified cell walls). Plants of the genetic constitution 
just described are not uniformly wild-type {bm+) in pigmenta- 
tion but have definite sectors, usually many, that show the brown 



o 

Fig. 60. — Consequences of single exchange between two ring-X chromosomes 
in Drosophila. Successive stages of meiosis indicated by reading downward. 
The dicentric double ring is presumably eliminated in the polar bodies of the egg. 

midrib character. Cytological examination shows that this varie- 
gation for the brown midrib character is the result of the occa- 
sional loss, through irregular distribution, of the ring-fragment 
during somatic mitoses. All tissues descending from a cell in 
which the ring-fragment was lost have no normal allele of the 
bmi gene and therefore form a sector that shows the recessive 
character. This same type of variegation has been found for 
other characters in maize. 
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Size Chaages ia Riag-fragmeats.- — ^Another characteristic of 
the ring-fragments studied by McClintock is that they occasionally 
change in size during development of the individual. The mech- 
anism by which this occurs involves the formation of dicentric 
rings of double size and subsequent breakage and reunion of these 
at anaphase or telophase (Fig. 61). The formation of double 
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Fig. 61. — Increase and decrease in size of a ring-chromosome fragment. As 
indicated, the amount of change is determined by the position of the dicentric 
double ring-fragment relative to the cell plate. (Based on figures by McClin- 
tock.) 

sized dicentric rings is not clearly understood; it may be due to 
irregularities in the plane of division of the ring thread or may 
involve a process analogous to crossing over. The end results are 
the same with either hypothesis. The double size dicentric ring 
is stretched between the division poles and appears to be cut 
through by the cell plate formed during telophase. The broken 
ends apparently always rejoin, since rod- or U-shaped fragments 
are never formed from ring-fragments. The breaking of the 
dicentric ring-chromosome may occur in such a way that the two 
rings formed are of unequal size (Fig. 61). This, of course, 
means that the original ring-fragment may be either increased or 
decreased in size. 

Phenatypic Effects of Deficiencies.— The change in size of a 
ring-fragment has been used to advantage by McClintock in 
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studying the phenotypic effects of small deficiencies. In two cases 
involving chromosome 5 a ring-fragment and its complement, a 
deleted rod-chromosome, were both recovered. This recovery of 
both products of the breaks was possible because of the fact that 
one breakage point was within a centromere, as shown in figure 
62. Tarh of the two ring-fragments obtained carries the normal 
allele of the brown midrib gene. Plants can be obtained in which 
there are two different deficient rod chromosomes and a ring- 
fragment corresponding to the longer deficiency (Fig. 62) . Occa- 
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Fig, 62. — ^Positions (above) of breaks in chromosome 5 of maize that gave 
rise to rod deletions and ring-fragments studied by McClintock. As indicated 
by brackets, two separate alterations are involved. Below is shown the consti- 
tution of plants used in studies described in the text. Two different deletion 
rods and a ring-fragment complementary to one of these afe present. The 
second ring-fragment, complementary to the other rod, was obtained but not 
used in the experiments considered here. (Based on figures by McClintock.) 

sional decreases in the size of the ring-fragment give sectors in 
which there is a net deficiency. Some of these sectors are pheno- 
typically brown midrib, presumably due to the loss of bm+ 
allele from the ring-fragment. Other sectors have different 
phenotypic appearances {e.g.y one with colorless cell walls and 
white plastids), and these can be interpreted on the assumption 
that specific small sections of the ring-fragment are lost and that 
these have specific properties. Such specific properties are pre- 
sumably due to specific genes in each of the sections (possibly a 
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section corresponds to a chromomere) . It is possible to deduce 
from the behavior of these deficient sectors something concerning 
the role in development of genes normally present in these seg- 
ments. Thus we can conclude that at least one gene necessary for 
the normal development of chlorophyll must be deficient in sectors 
in which the plastids are colorless. The fact that sectors totally 
deficient for the brown midrib locus are phenotypically similar to 
corresponding tissues in plants homozygous for the recessive allele 
of the brown midrib gene strengthens this argument. Somewhat 
comparable situations are known in Drosophila. Males deficient 
in the yellow locus have been obtained and are phenotypically 
yellow like males with the recessive y allele present at this locus. 
Similarly males deficient for the scute locus, although they rarely 
survive, are extreme scute phenotypically. These examples raise 
a number of significant questions concerning the nature of genes 
and the difference between normal and mutant alleles; we shall 
return to these in later chapters. 
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Problems 

1, Draw the configuration expected following conjugation between 

two homologs, one of which is deficient for a segment, 

1 2 3 4 5 6 and I 2 • 5 6. 

2, As indicated in the text, a specific sectional deficiency in one X 

chromosome of a female Drosophila results in a notch wing. 
Notch deficiencies do not survive in males. What sex ratio 
should a female heterozygous for a notch deficiency give when 
mated to a wild-type male.^ 

3, From a wild-type X chromosome in Drosophila a deficient chromo- 
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some is obtained. When this is present with a scute white 
chromosome in a female the fly is phenotypically scute and 
white. What would you expect such a Def/sc w female to 
give in the next generation when mated to a prune (pn) male? 
When mated to a miniature (m) male? (Look up on the 
chromosome map the locations of the genes concerned. Assume 
that males with deficient X chromosomes do not survive.) 

4. If an extreme allele of the third chromosome gene bithorax (bx), 

lethal when homo2ygous, appeared in a stock of Drosophila 
and you suspected this to be a deficiency, what genetic test 
could you suggest that might confirm this suspicion? (See 
chromosome map for positions of bithorax and of other loci 
that might be used in such a test.) 

5. If a small independent fragment (with its own centromere), 

carrying the normal allele of yellow body were present in a 
stock of flies and were transmitted to half the gametes of indi- 
viduals carrying it (assume normal distribution of whole chro- 
mosomes), what would be the phenotypes expected (including 
sex), and their frequencies, from the cross of duplication 

y/y^ xy 

6. With the duplication given in the preceding problem, what would 

be the result of the cross of duplication ^ i $ X y w ^ 

y w 

(/.^., give phenotypes and frequencies) ? 

7. A deleted X chromosome in Drosophila carries the normal alleles 

of yellow, scute, and bobbed, and can be present in either 
females or males. One possible method of keeping this chro- 
mosome is as a duplication in the stock yy (attaAed-X) dupli- 
cation $ Xy Not-yellow females and yellow males are se- 
lected in each generation. In duplication-carrying females of this 
kind, crossing over occasionally occurs between the duplication 
and one of the attached-X chromosomes in the bobbed region. 
What would be the effect of such crossing over on this scheme 
for keeping the duplication? 

8. How would you distinguish genetically between a small free dupli- 

cation of unknown origin in Drosophila which resulted in a 
roughening of the eyes, and a dominant gene with a similar 
phenotypic effect? 

What configuration of salivary gland chromosomes would you ex- 
pect with complete conjugation in a Drosophila female with 
one closed X chromosome and one open homolog with an in- 
version involving its middle third? 
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10. In such a female as described in the preceding problem, what 
meiotic products would be expected following single exchange 
within the inverted segment of the X chromosomes? What 
genotypes would be expected among the oflFspring of such a 
female mated to a normal male? 
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LETHALS 

As shown in Chapter IX, individuals in which a specific section 
of a chromosome is absent usually fail to develop — ^that is, the 
particular gene-combination present in their cells is lethal to the 
individual. There are many cases known in which specific types 
of homozygotes fail to develop and in which no structural de- 
rangement of the chromosomal material can be detected. In such 
instances we attribute the failure to develop to the action, or per- 
haps lack of action, of a particular allele. Obviously there is a 
real difSculty in differentiating between very short deficiencies and 
reorganizations within the gene itself. This difficulty is consid- 
ered further in Chapter XIII. For purposes of the discussion in 
this chapter, we shall assume that there are intragenic changes 
that, under certain conditions, lead to death of the organism. We 
commonly refer to genes modified in this way as * lethal genes,’ V 
an expression justified solely by its convenience. It may be noted 
at once that the lethal genes ordinarily studied are recessive; a 
gene with a dominant lethal effect is necessarily lost before it can 
be studied. 

White Seedlings in Maize. — ^Many recessive genes are known in 
maize which, in homozygous condition, influence the zygote in 
some manner such that chlorophyll does not develop. This is an 
example of many different loci being concerned with a single end 
result, in this instance with the production of chlorophyll. Plants 
lacking chlorophyll, known as white seedlings (gene symbols: 

W2y etc.), develop for several days at the expense of food material 
stored in the endosperm, just as normal green seedling plants do. 
This food is usually sufficient to enable them to develop two seed- 
ling leaves of normal size. If we grow seeds produced by self- 
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pollinating a plant heterozygous for a single white seedling gene, 
and classify the resulting seedlings early in development, a 
standard 3:1 ratio of normal to white seedlings will be obtained. 
If, however, we classify the plants in these same cultures several 
weeks later, there will be no white plants and the ratio will be 1:0. 
The white plants are unable to survive after the stored food 
reserves are exhausted. If the surviving green plants are allowed 
to mature and their genotypes determined by self-pollinating them 
and growing seedling cultures, it will be found that two-thirds of 
them are heterozygous for the tv gene and one-third are homo- 
zygous for its normal allele. In other words, inheritance of this 
character follows exactly the same principles as does that of an 
ordinary non-lethal recessive character — ^the only difference is that 
the homozygous recessive type does not survive. White seedling 
genes are known in a great many different plants. 

Time of Death of Inviable Zygotes. — ^Homozygous types may 
fail to survive for many different reasons. For example, recessive 
genes for germless seeds are known in maize; in these cases the 
genes concerned result in failure of the embryo to develop, but 
have no apparent influence on the endosperm. Other genes result 
in the opposite condition, development of the embryo and failure 
of the endosperm. Still others are known which result in failure 
of both endosperm and embryo — ^no seed at all develops. This 
latter class represents a type of effect that is very common, par- 
ticularly in animals, namely one in which a homozygous class dies 
before it is convenient to classify the zygotes. Lethals of this 
type can be worked with by special techniques, as we shall see. 

The Yellow Mouse — ^As a special case of lethals in which the 
zygotes are not readily classifiable, we may consider the now 
classical yellow mouse case, first studied by Cuenot. Yellow is 
dominant to non-yellow. If, for example, a yellow mouse is 
crossed with a black mouse, there will be two types in Fi, yellow 
and black in the ratio 1:1. If yellow mice of this generation are 
inter-bred, the F2 mice will segregate so as to give 2 yellows to 
I black. Now, if the yellow mice are tested individually for 
genotype by crossing them with black mice, it will be found that 
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not one of them will be homozygous for yellow. In other words, it 
is not possible to have a homozygous stock of yellow mice. Castle 
and Little explained the inheritance of the yellow character by 
assuming that the homozygous yellow genotype is lethal. This has 
been checked by examining unborn embryos from yellow parents. 
It is found that approximately oneTourth of the embryos from 
such matings do die in the uterus, as would be expected from the 
hypothesis. This type of case, in which the heterozygote is visibly 
different from the homozygous wild-type, and in which the homo- 



Fig. 63. — ^Pedigree showing the inheritance of brachyphalangy, a dominant 
skeletal abnormality in man. In the third generation a first cousin marriage 
of affected individuals is shown by dotted lines. The daughter of this marriage, 
designated with the arrow, is the presumed homozygous type discussed in the 
text. Note affected identical twins in the last generation shown. (From Mohr 
and Wriedt — ^part of pedigree omitted because of lack of space.) 

zygous mutant type is lethal, is rather common in animals and is 
known in some plants. Many dominant characters in Drosophila 
are of this type, for example, the spread wing and bristle char- 
acter dichaete (D), the character hairless (H), the rough and 
small eye character known as glued ((?/), the minutes (M), and 
many others. In all of these instances the visible character is 
treated as a dominant although, of course, the lethal effect of the 
gene concerned is recessive. 

Brachyphalangy.^ — A number of abnormalities in man appear 
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to be inherited as simple dominant characters. Examples of this 
are brachydactyly (short fingers and toes), brachyphalangy (short- 
ening of second phalanx of second fingers and toes), polydactyly 
(extra fingers and toes) , and others. The case of brachyphalangy, 
studied by Mohr and Wriedt, is particularly interesting because 
one individual presumably homozygous for the character is 
recorded. In the rather extensive pedigree show’n in figure 63, 
there is indicated in the third generation a first cousin marriage 
of brachyphalangous individuals. Of the two recorded daughters, 
one showed the abnormality in typical form; the other was with- 
out fingers and toes and showed general skeletal abnormalities. 
This cripple lived for only a year. Although the proof is not 
complete, the presumption is strong that this individual was 
homozygous for the gene for brachyphalangy. By analogy with 
dominant characters in Drosophila, it is probable that a number 
of the other known dominant characters in man would be lethal 
in the homozygous form. Lethals of various kinds may account 
for a proportion of the still-births in man. 

Semi-lethals — As will be emphasized in Chapter XIII (Muta- 
tion), there are all intermediate conditions between those in 
which a mutant gene has no detectable effect on viability of 
the homozygote and those in which the homozygote dies at a 
very early stage. Near the lethal end of this range of varia- 
tion are to be ^found the semi-lethal genes, which usually result 
in early death. It should be emphasized that this classification 
is primarily one of convenience. As has already been pointed 
out, the ratio obtained may depend on the stage of development 
at which individuals are scored; death may occur at any stage 
after fertilization. Sometimes the adult is short-lived. As a 
matter of fact, very few of the standard mutant types with which 
geneticists work are equal in viability to the wild-type — ^most of 
them would be much less viable than they are were nearly 
optimum culture conditions not maintained. 

Sex-linked Xethals. — -Hemophilia in man is an example of a 
semi-lethal character. Affected males usually do not live to repro- 
ductive age and even when they dOj their life-expectancy is much 
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lower than that of non-bleeders. This particular semi-lethal char- 
acter happens to be sex-linked. Many sex-linked lethals and semi- 
lethals are known in Drosophila. Sex-linked lethal genes can be 
transmitted by females only. If a female is heterozygous for a 
lethal gene, all her sons that receive the lethal-bearing X chromo- 
some die at an early stage of development. The sex ratio in the 
adult progeny is modified from i:i to 2:1 as indicated by the fol- 
lowing scheme: 

-f// 9 X -f 5 

I 4-/4- $ ; I 4./; 2 : I -f 5 ; I / 3 (dies) 

If a non-lethal sex-linked gene and a sex-linked lethal are segre- 
gating in the same individual, the ratio for the non-lethal char- 
acter will be distorted. The amount of the distortion will depend 
of course on the amount of aossing over between the two loci. 
With a lethal in the same chromosome as yellow and 10 units 
away we would expect the following results: 

^“4 * ^ ^ 
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In this particular aoss the ratio for yellow in the daughters is 
I :i but in the sons is 9 4- to ly. 

Effects of Lethals on. Ratios. — In the case of autosomal lethals 
in animals the usual method of detection is through their effect 
on ratios for visible characters. The direction and amount of the 
distortion in a ratio for a visible character will depend on the 
arrangement of genes in the chromosomes and on the amount of 
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crossing over. This is illustrated by a hypothetical example in 
Drosophila, in which the gene a and the lethal gene I are in 
separate members of a homologous pair of chromosomes and are 
10 units apart (Fig. 64) . 
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Fig. 64.— Checkerboard showing the effect of a lethal on the genetic ratio 
of a recessive character differentiated by a linked gene. A crossover value of 
10 units between the lethal (/) and the recessive non^Iethal gene {a) is as- 
sumed. 


Collecting viable phenotypes, we have: 

4 - + 20 

^ , 10 


or a 2:1 ratio. This ratio is independent of the amount of cross- 
ing over in the female. If a recessive non-lethal gene and a 
lethal gene are carried in the same member of a pair of homologs, 
then the phenotypic ratio will depend on the amount of crossing 
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over between the two loci. It is possible to determine the map 
position of lethal gene loci by the use of methods of this kind. 

BALANCED LETHALS 

An interesting and useful special case is that in which different 
lethals are carried by the senate members of a pair of homolo- 
gous chromosomes and at loci so close together that crossing over 
does not occur between them. Such cases, first worked with by 
Muller, are known as balanced lethals because such a stock in 
which all individuals are heterozygous for both lethals will still 
breed true. An example of balanced lethals (sometimes also 
known as balanced heterozygotes) is that involving the two dom- 
inant characters dichaete and glued in Drosophila. Both the D 
and G/ genes are in the third chromosome at approximately 41.0, 
Crossing over between them does not occur. If individuals 
heterozygous for the two genes are mated together results are 
obtained as follows: 

•D 4. , D 4. 

Gl ^ ^ + Gl ^ 

I D + ; 2 D + ; I + G/ 

£> 4- Gl + G/ 

Both homozygous types die, and the only viable type is gen- 
etically like the parents. Offspring of this cross, mated together, 
repeat this behavior. In this way it is possible to maintain in- 
definitely a stock in which all viable individuals are phenotypically 
dichaete glued. If a lethal gene were known at locus 41.0 that 
had no detectable phenotypic effect in heterozygous condition, it 
would be possible to balance either dichaete or glued with such a 
recessive lethal. Any crossing over between the two loci at which 
lethal genes are located will result in the breakdown of the 
balanced system. In practice it rarely happens that two non-allelic 
lethals are so close together that they never or only rarely show 
crossing over. Even if they are further apart, however, it is often 
possible to make up a balanced stock by making use of an inver-^ 
sion which prevents effective crossing over between the two loci. 
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For example, the dominant gene hairless (H), which is lethal 
when homozygous, can be balanced by using an inversion known 
as 3RP** (an inversion in the right limb of the third chromo- 
some). This particular inversion is lethal when homozygous, 
that is, carries a recessive lethal. Such a balanced stock is repre- 
sented as follows: 

H + ^ H + ^ 

■(/«3RP) + 7 ® X (/« 3RP) + 

H + _ H + (/« 3RP) 4- 7 

^ H + ’ ^ (In 3RP) + I ’ ^ (In 3RP) 4- I 

Again only the heterozygous type survives. Still other combina- 
tions are possible. Both lethals may be without phenotypic effect 
in the heterozygote and may be used to balance a non-lethal gene 
in the heterozygous condition, for example, as in the general case, 

^ -j- 

In -[- -)- I2 

Balanced Lethals in Keeping Stocks. — ^Balanced lethals are 
extremely useful in maintaining characters that cannot be kept in 
homozygous condition. The dichaete character, for example, is 
inconvenient to keep in the unbalanced condition; dichaete flies 
must be selected each generation to prevent the stock from be- 
coming homozygous for the wild-type allele. Glued is another 
character of the same type. Combining them produces a balanced 
true-breeding stock which requires no selection. On outcrossing a 
D/G/ balanced stock to wild-type, two phenotypes are obtained, 
D/4- and G//4-, neither of which will breed true. 

Sterile Types. — In addition to the use of balanced lethals in 
keeping characters that are completely lethal when homozygous, 
they are also made use of in keeping types that are viable but 
sterile and types that have such low viability that it would be 
difficult to maintain them in homozygous condition. As a special 
case involving the X chromosome where a true balanced lethal 
condition is not possible, we may consider the standard method of 
keeping the singed character. Singed {sn) is a sex-linked reces- 
sive affecting bristle form. Homozygous singed females are 
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Sterile, since they lay eggs that fail to hatch, regardless of the 
sperm with which they are fertilized. Singed males, on the other 
hand, are fully fertile. Theje is an X chromosome inversion 
containing, among other genes, a recessive lethal and a B (bar) 
gene. There is practically no effective crossing over between a 
normal chromosome and a chromosome carrying this inversion, 
known as (read *'cee el bee'’ — ^the is a relic symbol 

for * ‘crossover reducer"). Females heterozygous for sn and C/B 
mated to sn males give types as follows: 

cm 

^ X sn 

sn 

cm sn ^jry 

I — $ ; I — $ ; T cm $ ; i sn $ 

sn sn 

(Note that we have here omitted all designation of normal alleles. 
This is a convenient and common practice applicable wherever 
confusion does not result.) The homozygous singed females are 
sterile and the CIB males die. The only types that breed are like 
the parents and the stock is therefore self-perpetuating. 

It is evident that self-perpetuating stocks of singed flies can be 
maintained by the use of attached-X chromosomes. If an at- 
tached-X female of any constitution is mated to singed males, all 
daughters will be like the mother with respect to sex-linked genes 
and all the sons will be singed. 

In addition to singed, there is a large class of genes that result 
in sterility in one or both sexes. Singed is such a character in 
Drosophila. There is a character known 2S female stefile in 
Drosophila differentiated from normal by a second chromosome 
recessive. Homozygous females have rudimentary ovaries but are 
externally normal in appearance. Homozygous males are fertile. 
This gene is maintained in a balanced condition. Other examples 
could be cited in Drosophila and in other animals. Similar types 
are known in many plants. In maize there are several recessive 
characters in which the pistillate inflorescence is absent or pro- 
duces no functional female gametophytes. All such genes that 
result in sterility are non-lethal to the individual but are effectively 
lethal from the standpoint of the species. 
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Lethals and the Diploid Condition. — ^The often-used analogy 
between a living organism and a watch is useful in thinking of 
lethals. Almost any random change made in a watch is bad for 
the watch. If the change is extensive, removal of a wheel for 
example, the result is that the watch does not run — a change 
analogous to a lethal. Moving the hair spring regulator at ran- 
dom is very likely to result in a watch that runs but does not run 
at the proper speed — a change analogous to a non-lethal * Visible’' 
character. Of course the diploid organism has one advantage over 
the watch — ^it has two sets of homologous chromosomes which in 
a sense work on the principle of double assurance — ^usually a 
lethal gene must be present in duplicate to bring about a lethal 
end result. It is as though a watch were made in such a way that 
every part were present in duplicate, so that removal of one wheel 
of a specific type would not stop the watch— the homologous 
wheel, too, would have to be removed. 
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Problems 

1. A 2ygotic lethal gene (2/) is linked with the pericarp color gene 

(P) in maize and gives 2 per cent crossing over. What will 
be the ratio of P to + in progeny obtained by self -pollinating 

^ pknB? 

2. Assuming a recessive gene for germless seeds (g^) to be linked 

with the gene for liguleless (/g) in maize, what ratio of -j- 

to /g plants would be expected on self pollinating i — ^ 
plants with (a) no crossing over, (b) 10 per cent crossing 
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over, and (c) 40 per cent crossing over? What ratio of -j- to 
Ig plants would be expected from plants with these 

same three frequencies of crossing over? 

3. How could one make use of attached-X chromosomes in Drosoph- 

ila for keeping the lozenge character (homozygous females ster- 
ile, males fertile) in a stock that would require no selection? 

4. Inversion scute-7 exists in the same chromosome with the recessive 

allele of singed {sn). As indicated in the text, crossing over 
does occur between the inversion end and the singed locus, but 
this is so low that it can be disregarded for stock-keeping pur- 
poses. Knowing that homozygous singed females are sterile, 
how could you use the In scute-j sn stock in keeping a notch 
deficiency chromosome? In scute-j includes the segment cor- 
responding to that for which notch is deficient. 

5. Assuming that / is a lethal in the third chromosome of Drosophila, 

what ratio of Dichaete to wild-type would result from the cross 
D I D + 

5 ^ with no crossing over between the 

+ + 4 - * 

lethal and the dichaete locus? What ratio would be expected 
with 10 per cent crossing over between the lethal and dichaete? 

6. If a and b, recessive genes for female and male sterility respectively, 

are linked and give no crossing over with each other, what types 

will result from the cross f- $ ? If these 

-j- (p -j— b 

interbreed at random what types of matings will contribute to 
the next generation and what genotypes will they give? 

7. If and 4 are non-allelic sex-linked lethals in Drosophila that 

do not cross over with each other, what sex-ratio would the cross 

+ k 

Y $ X H — h ^ give? (Such a female can be obtained 

h + 

by ‘'covering” one lethal in the male with a short duplication 
or in other ways, as will be seen in the next chapter. ) 

8. There is an allele of the bobbed gene in Drosophila that 

is lethal in the female when homozygous. What will be the 

byi 

sex-ratio among the offspring of the cross — X Kemem- 

4 * ' 

ber that the Y chromosome carries the normal allele of bobbed. 

9. If a female, supposedly of the constitution when 

, 4 * i 

crossed to a vermilion male, gave offspring of the following 
phenotypes: 
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Females 


+ 

+ 

+ 

420 

+ 

V 

+ 

430 



Males 


+ 

V 

+ 

318 

ct 

V 

+ 

54 

+ 

V 

g 

37 

ct 

V 

g 

2 


What could you deduce as to the true genotype of the original 
female? 

10. Look up in the previous chapter the products of single crossing 
over between the two X chromosome inversions, In scute-8 and 
In scute-4. The bobbed-deficiency scute-duplication chromo- 
some can be carried in males, which are fertile; the other cross- 
over chromosome can be carried in heterozygous condition in 
females. If the two chromosomes are put in the same female, 
what will be the products of crossing over between them? 
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TRANSLOCATIONS 

One type of chromosome rearrangement that may result from 
illegitimate crossing over (Fig. 46) is that in which segments of 
non-homologous chromosomes are interchanged. Such reciprocal 
translocations are known in many organisms, both plant and 
animal. Rearrangements of this kind occasionally occur spontane- 
ously; their frequency can be greatly increased by jj-ray or radium 
treatment. In several species of seed-plants it is found that wild 
populations may contain chromosome sets that differ from one 
another by one or more reciprocal translocations. It is also dear 
that related species sometimes differ in this respect, and that the 
phenomenon of translocation has been of importance in evolu- 
tionary divergence within groups. 

Conjugation in Translocation Heterozygotes. — ^Reciprocal 
translocations may be Jiomozygous or heterozygous. In the latter 
case — in which one set of chromosomes has the old and the other 
set has the new arrangement of segments — ^the individual is often 
known as z translocation heterozygote. We shall consider first 
the behavior (in plants) of a translocation heterozygote in which 
the chromosomes involved are approximately equal-armed (centro- 
mere near the middle), and in which the translocation has inter- 
changed large segments — approximately whole arms. During 
pachytene corresponding segments of chromosomes associate in 
pairs, i.e., conjugate. Ojmplete regionally specific conjugation 
necessitates an exchange of pairing partners at the point of change 
in homology (Fig. 65). This change of partners provides a 
method of locating the translocation points, and has been used 
extensively in this way in studies of reciprocal translocations in 
maize. 

Chiasmata in. Translocation Heterozygotes,— Within each of 
the arms of the pachytene cross, chiasmata are formed as for the 
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corresponding segments in a structural homozygote (Fig* 65) . 
During diplotene there may be more or less terminalization of 



NORMAL RECIPROCAL TRANSUDCATON 



Fig. 65. —Scheme showing conjugation and chromosome association at later 
stages for a simple reciprocal translocation heterozygote. Above is shown one 
representative of each of the two chromosomes involved, at the left, in the 
normal condition and, at the right, after exchange of arms. Terminalization is 
assumed to be complete at diakinesis. 



Fig. 66, — ^Diakinesis showing a reciprocal translocation ring of four chromosomes 
in Datura. Terminalization of chiasmata is complete here. (After Belling.) 

chiasmata, depending on the species. In Datura (jimson weed), 
in Oenothera (evening primrose), and in Campanula, terminal- 
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ization is more or less complete, and the translocation complex 
forms an open ring of the type shown in figure 66. In Pisum 
(garden pea) there is little or no terminalization, while in maize 
and many other forms the degree of terminalization is inter- 
mediate. 

Metaphase Arrangements of Translocation Rings — ^Various 
arrangements of a translocation ring of four chromosomes are pos- 




Fig. 67. — Representing different metaphase arrangements at the first meiotic 
division of a ring of four chromosomes in a translocation heterozygote. The 
immediate products are shown directly below the arrangement concerned, and 
the final products are shown at the bottom. Note that only those gametes from 
the leftmost arrangement have each segment represented once and only once. 


sible at metaphase; the relative frequencies of these are important 
in determining the genetic consequences. In Datura, Campanula, 
and Oenothera, in which there is more or less complete terminal- 
ization of chiasmata, the arrangement is usually such that alternate 
members of the ring go to the same pole at the first division 
(Fig. 67), This type of disjunction gives gametes like the 
parents of the translocation heterozygote, with respect to the ar- 
rangement of segments. Two other arrangements are possible, in 
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both of which adjacent members of the ring go to the same pole 
at the first division (Figs. 67 and 68). 



Fig. 68.— Two metaphase arrangements in a translocation ring of four chro- 
mosomes in maize. In the left figure alternate members of the ring are oriented 
toward the same spindle pole while in the right figure adjacent members of the 
ring are arranged so as to go to the same spindle pole. (From Darlington.) 



Fig. 69.— Sample of pollen of a maize plant heterozygous for a reciprocal 
translocation. The light shrivelled grains contain little or no starch and are 
incapable of functioning. (Drawn by E. Scott.) 

Disjunction of Translocation Rings.--— Random two-by-two 
separation of the four members of the translocation ring will 
give six types of spores (gametes in animals) in equal numbers. 
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Four of these six types will have one segment present in duplicate 
and another segment not represented at all (Fig. 67) . Ordinarily 
in plants these duplication-deficiency spores do not give rise to 
viable gametophytes. For example, such microspores in maize 
usually give rise to defective pollen grains which contain little or 
no starch and are incapable of functioning (Fig. 69). Thus, one 
result of the heterozygous translocation condition is partial steril- 
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Fig. 70. — Representation of the results of a aoss between an individual 
heterozygous for a reciprocal translocation and one homozygous for the standard 
arrangement of chromosome segments. 

ity. With entirely random segregation there should be 66.7 per 
cent of defective pollen grains and embryo sacs. In practice, in 
maize and other plants, the sterility is usually nearer to 50 per 
cent. Two factors are of importance in bringing about this reduc- 
tion: ( I ) exchange in the region between the translocation point 
and the centromere, and (2) reduction in frequency of the meta- 
phase arrangements in which adjacent chromosomes go to one 
pole. 
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Partial Sterility and Identification of Translocation Hetero- 
zygotes.— The partial sterility characteristic of a translocation 
heterozygote is made use of in detecting new occurrences of trans- 
locations in the first instance (not all partial sterility is due to 
this cause, however), and in working with them after they are 
detected. Using the method of pollen sterility, Anderson and 
others have obtained translocations involving many different com- 




Fig. 71. — ^Results of self -fertilizing a translocation heterozygote, or of aossing 
two individuals heterozygous for the same translocation. Note the ‘ new type 
homozygous for the translocation. 


binations of two of the ten chromosomes of maize. The inherit- 
ance of a translocation can be followed in essentially the same 
way as can that of a dominant gene, by using partial sterility as an 
index of heterozygosis. This will be more obvious after we have 
described the offspring produced by translocation heterozygotes. 

Translocation Heterozygotes. — In plants, in which the duplica- 
tion-deficiency products of meiosis are eliminated in th^ ^ameto- 
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phyte, a cross between a translocation heterozygote and a strain 
homozygous for the original arrangement (frequently referred to 
as the "standard” arrangement), will result in two types in a i:i 
ratio, as shown in figure 70. One of these will be homozygous 
and like the standard. The other will be a translocation hetero- 
zygote showing partial pollen and embryo sac sterility. If a 
translocation heterozygote is self-pollinated, or if two similar 
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Fig. 72. — Showing linkage of loci, originally in non-homologous chromo- 
somes, in a translocation hetero2ygote. There is assumed to be no crossing over 
between the loci involved and the translocation breaks. 

heterozygotes are crossed, there will result three types in the 
ratio 1 :2:i (Fig. 71) . In addition to the homozygous standard 
type and the heterozygote, there will be a new homozygous type 
in which both sets of chromosomes have the new arrangement; 
that is, the new type is homozygous for the translocation. Cyto- 
logically this homozygote is essentially like the original normal. 
It has only pairs of chromosomes at meiosis. 
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Translocations and Linkage Groups. — Obviously an interchange 
between non-homologous chromosomes will change the linkage 
relations of the genes carried in the chromosomes involved. A 
translocation heterozygote will show linkage between genes that 
would normally segregate independently, as is shown in figure 72. 
An interesting characteristic of linkage in a translocation hetero- 
zygote is that a linear map will not be obtained for genes in the 
chromosome pairs involved in the translocations, but a 4-armed 
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Fig. 73. — Scheme showing how complete linkage of brown (bw — second 
chromosome) and scarlet (st — third chromosome) can result in the male of 
Drosophila from a reciprocal translocation. The original arrangement of genes 
is indicated in the female which is homozygous for the normal arrangement of 
chromosome segments. 

map corresponding to the pachytene configuration. A transloca- 
tion homozygote will differ from the standard in its linkage 
groups just as expected; that is, there will be segments of the 
chromosome maps interchanged, corresponding to the inter- 
changed physical segments. Thus if the original linkage groups 
are A B G D and E F G H, the new ones may be A B G H and 
EFGD. 

Translocation Heterozygotes in Drosophila.— Translocations in 
Drosophila have been extensively studied. In this organism, un- 
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fortunately, it has not been possible to observe in any detail the 
meiotic behavior of such rearrangements. The pairing properties 
in translocation heterozygotes can be studied in salivary gland 
chromosomes, and it is found that here the behavior is essentially 
the same as in pachytene in plants. Corresponding segments pair, 
and there is a change of partners at the point of change in homol- 
ogy. The exact alignment of corresponding bands makes it rela- 
tively simple to determine the exact points of interchange in terms 
of bands. 

As in the case of linkage detection in normal individuals, the 
fact that crossing over does not occur in the males of Drosophila 
can be taken advantage of in detecting translocations. As an 
example, a testcross involving the two eye color genes brown 
{bw) md. scarlet {st) shows independent assortment in standard 
stocks. But if a male heterozygous for a reciprocal translocation 
involving chromosomes 2 and 3, and also heterozygous for brown 
and scarlet, is crossed to a brown scarlet female, there will be 
only two instead of four classes of offspring. In other words, 
brown and scarlet will show complete linkage (Fig. 73). In 
this case the breaks are arranged in such a manner that the normal 
alleles of brown and scarlet are in one new chromosome. This is 
not necessary; the method is independent of the position of the 
breaks in the two chromosomes. Table i summarizes actual 
results obtained by Dobzhansky in an experiment in which males 
were x-rayed. It has been found that translocation in Drosophila 
may involve any two of the four chromosome pairs, X-2, 
X-3, X-4, Y-2, Y~3, Y-4, 2-3, 2-4, and 3--4. 

In female translocation hetdrozygotes in Drosophila, crossing 
over occurs in all segments. It is found, however, that crossing 
over near the translocation breaks is reduced in many cases. The 
extent of this reduction in crossing over varies, depending on the 
position in the chromosome of the translocation break, and is 
presumably the result of mechanical difficulties in conjugation. 
Near the breaks in a heterozygous translocation it is often observed 
cytologically that pairing is incomplete. There is a tendency for 
segments near the translocation breaks to compete for pairing 
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TABLE I 

Results from Dobzhansky illustrating a genetic method of detecting chromo- 
some translocations in Drosophila. Bristle {Bl — second chromosome) dichaete 
(D— third chromosome) males were x-rayed and mated to attached-X females 
homozygous for the fourth chromosome recessive eyeless (^y). The bristle 
dichaete sons of this mating were crossed to eyeless females. The classification 
for sex is omitted in this table. The counts from 112 normal cultures are 
presented together; in each of these all of the eight phenotypic classes were 
represented. The final mating from which the recorded offspring were ob- 
tained was therefore + + $ X D/-|- +/^y ^ , 


Cultures 




Phenotypes 




Translo- 


Bl D ey 

5/ + + 

Bl + ey 

4.2)4. 

^Dey 

4. 4. 4. 

+ j^ey 

cation 

indicated 

1 12 ’'nor- 
mal” cul- 
tures 

2324 

1991 

2183 

2140 

2246 

1897 

2196 

2o6y 

none 

1 

46 

36 





56 

50 

2-3 

2 

49 

33 





38 

40 

2-3 

3 

23 

15 


— 



9 

12 

2-3 

4 

6 

12 





II 

14 

2-3 

5 

37 



22 

30 



33 

3'4 

6 

34 



19 

27 



35 

3-4 

7 

41 



43 

34 



•22 

3-4 

8 

21 



29 

20 ; 



26 

3-4 

9 

34 



28 

43 



27 

3-4 


partners. This concept of competitive conjugation has been de- 
veloped especially by Dobzhansky. Quantitative studies of cross- 
ing over in plants are more difficult than in Drosophila, and 
relations of this kind are consequently not as well understood. 

Translocation Homozygotes in DrosopMla.— Translocation 
homozygotes in Drosophila, when they are obtained, show essen- 
tially the same behavior as do those of plants. It turns out, how- 
ever, that a high proportion of the translocations known in 
Drosophila are lethal when homozygous, whereas of those known 
in maize and in other plants, very few or none are lethal. This 
difference, somewhat surprising at first thought, has a relatively 
simple explanation. In plants, translocations must be transmitted 
through the gametophyte generations in order to be transmitted at 
all. Those that would be lethal when homozygous, then, are 
presumably lethal in the gametophyte and are eliminated before 
they can be studied. 
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Buplication-deficiency Gametes in Drosophila.— As implied 
above, translocations that are lethal in Drosophila can be trans- 
mitted through both eggs and sperm. This is not surprising, 



Fig. 74. ■— Scheme showing method of demonstrating that dupHeation- 
deficiency gametes are functional in Drosophila. In all cases the position of 
the chromosomes in the gametes are such that right and left limbs, as indicated 
above by 2L, 2R, 3L, and 3R, are properly oriented. The second chromosome 
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since we have already pointed out that eggs with no X chromo- 
some at all can function. In fact Y-bearing sperm, which are 
normally produced, are deficient in almost all of the X chromo- 
some genes. Studies of the offspring of two translocation hetero- 
2ygotes in Drosophila show directly that types which would not 
survive in the gametophyte in a plant, function perfectly well in 
both eggs and sperm. As figure 74 shows, viable zygotes can be 
obtained from the union of duplication-deficiency gametes, pro- 
viding the two gametes concerned carry complementary segrega- 
tion products; that is, if the two gametes mutually compensate 
for deficiencies and duplications. The inviability of uncompen- 
sated zygotes has been established by determining the amount of 
egg mortality. 

Other Types of Translocations. — ^Numerous deviations from 
the behavior of a translocation heterozygote described above are 
possible. For example, cases are known in maize in which two 
very small segments are interchanged. Heterozygotes of this type 
usually show two pairs of chromosomes at meiosis, presumably 
because of the lack of chiasma formation between the short ter- 
minal segments. If a long and a short segment are interchanged, 
the result is usually a chain of. four chromosomes rather than a 
ring of four. Even with large segments interchanged, occasional 
cells will be found in which chiasmata fail to form in one or 
more arms of the pachytene cross and a univalent plus a chain of 
three, two pairs, or a pair plus two univalents may result. Segre- 
gation is not always regular; three chromosomes of the ring may 
go to one pole, and only one to the other. This may lead to the 
formation of zygotes with entire extra chromosomes. Such extra 
chromosomal types will be discussed in Chapter XV. 


is shown in outline, the third in black. In the diagrammatic representations 
of metaphase arrangements only half the true number of chromatids is shown— 
the omitted ones are exact duplicates of those shown. Rectangles with no 
phenotypes indicated, represent zygotes that do not survive. The phenotypes 
Bl m, al Dt Bl, and D can only arise from the union of complementary dupli- 
cation-deficiency gametes. It is possible, by making use of more marker genes, 
to differentiate the four types arising from balanced gametes. The precise 
method indicated has not been used in practice, but Dobzhansky has used one 
essentially similar. 
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Translocations in Drosophila involving short segments may give 
rise to viable zygotes in which one of the interchanged segments 
is deficient and the other present in excess (Fig. 75). Duplica- 
tions or deficiencies obtained in this way have essentially the same 
properties as those obtained in other ways (Chapter IX). 

Of the known translocations, by far the majority are reciprocal. 
Apparent instances of simple translocations in which a segment 
of one chromosome is removed and attached to an unbroken non- 
homologous chromosome have been described, but none of these 



Fig. 75.— Method of origin of a duplication type in Drosophila from a cross 
of a 2-4 translocation heterozygote and a normal fly. The second chromosome 
is shown in black, the fourth in outline. A fly deficient in a segment of one 
fourth chromosome may be viable. By making use of tripio-4 flies, or in other 
ways, it is possible to get a duplication carrying individual like that shown but 
with one more fourth chromosome, t.e., with two entire chromosomes in addi- 
tion to part of one. (Based on data of Dobzhansky.) 

cases has been established with certainty. If simple translocations 
occur at all, they are very infrequent relative to reciprocal ones. 

Cytological Demonstration of Crossing Over. — Creighton and 
McClihtock have made use of a translocation as a physical 
"marker” in the chromosome in studying the visible results of 
crossing over. In a translocation heterozygote in maize, also 
heterozygous for a terminal "knob” on one of the chromosomes 
involved, it was possible to show cytologically that recombinations 
for translocation and knob were produced at meiosis and, further- 
more, that this was correlated with genetic crossing over between 
genes known to lie in the segment between the translocation and 


TRANSLOCATIONS 


185 

the knob (Fig. 76). A similar q^tological demonstration of 
crossing over involving a larger number of individuals was made 
by Stern in Drosophila, where a more precise control of genetic 
crossing over was possible (Fig. 77). 

Cytological Maps — As indicated above, it is possible to localize 
translocation breakage points both genetically and cytologically. 
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Hg. 76. — ^Diagram of the type of cross used in maize in demonstrating cyto- 
logical crossing over and its correlation with genetic crossing over. The knob 
indicated on the C arm of chromosome 9 (black) is presumably made up 
of heterochromatin and is readily observed cytologically. The other chromo- 
some involved iu the actual experiment was number 8 (shown in outline). In 
this figure no attempt is made to indicate the actual relative lengths of the arms 
of the two chromosomes involved. (Based on work by Creighton and McClin- 
tock.) 

It was previously pointed out that similar correlations can be 
made by using inversions, deficiencies, and duplications. The 
use of these methods has made it possible to localize many genes 
in the physical chromosomes, and in this way to construct what 
have been called cytological maps. Before the discovery of saliv- 
ary gland chromosomes, such cytological maps were based on 
somatic metaphase chromosomes. For this purpose translocations 
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involving an exchange of a large, easily visible, segment from one 
chromosome and a very small segment, the size of which may be 
more or less disregarded, from a second chromosome are useful. 
Such a cytological map is shown in figure 78. Salivary gland 
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CHROMOSOMES CHROMOSOMES 

Hg. 77. — ^Diagram of method used by Stern for detecting crossing over 
cytologically. A segment of the Y chromosome, shown in outline, is attached 
to the X chromosome at the centromere. One of the X chromosomes of the 
female parent is represented as broken. The proximal segment has its own 
centromere and the distal segment is attached to the fourth chromosome cen- 
tromere; i.e.f there is an X-4 translocation. The offspring of females of this 
constitution, mated to carnation males, were classified for the two characters 
indicated. Cytological examinations showed that the constitutions with respect 
to these two genes were correlated with the structure of the X chromosome as 
indicated in the diagram. 

chromosome maps can be made very much more precise, since it 
is possible to localize genes to within the limits of one or two 
aoss bands. Salivary gland chromosomes, however, have one dis- 
advantage as compared with somatic chromosomes— they do not 



TRANSLOCATIONS 


187 

give a clear picture of inert material. A partial cytological map 
of the X chromosome is given in figure 48. It is evident from an 
examination of these cytological maps that crossing over per unit 
distance is far from constant. This is shown by a clumping of 
genes near the centromeres in the crossing over maps of chromo- 
somes 2 and 3, and near the ends of chromosomes i and 2. 
Actually, the genes appear to be distributed more or less at random 


cent. 



Fig. 78. — Cytological map of the second chromosome of Drosophila melano- 
gaster. The genetic map, based on crossing over, is shown below. The vertical 
lines connect this with corresponding points in the metaphase chromosome shown 
above, cent.— centromere. (After Dobzhansky.) 

in the qrtological chromosomes. A notable exception to this even 
distribution is the inert region of the X chromosome (proximal 
third) which contains only one known gene. 

In the same way that cytological maps can be made in Dro- 
sophila, they are possible in maize. In this case correlations are 
most easily nude with pachytene chromosomes. Although a 
number of genes have been localized within the physical chromo- 
somes in this plant, the cytological maps are not as complete as 
are those for Drosophila. 
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OENOTHERA 

With a knowledge of translocations, we are prepared to con- 
sider the special case of the evening primrose (Oenothera) . This 
plant is interesting to students of genetics largely for historical 
reasons. It has been extensively studied both genetically and 
cytologically, and it was largely on the basis of deVries* studies 
on this plant that he was led to propose his theory of mutation. 
For many years Oenothera presented a series of unsolved puzzles 
— its genetic behavior was atypical and it dilfered from most 
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Fig. 79. — Schematic representation of the method of origin of large chro- 
mosome rings through successive reciprocal translocations. Pachytene pairing 
is indicated above. For simplicity all translocation breaks are represented as 
being immediately adjacent to the centromere. In naturally occurring trans- 
locations this is not always the case. As in figure 75, only a single chromatid 
per chromosome is indicated at diakinesis. 

organisms in that its chromosomes were not associated in simple 
pairs. Finally, as a result of the discovery of reciprocal transloca- 
tions in Datura by Belling, it was realized that many forms of 
Oenothera are higher order translocation heterozygotes. The 
detailed interpretation was worked out by many investigators, in- 
cluding Renner, Cleland, Hakansson, Darlington, and others. 

Rings of Many Chromosomes. — An understanding of the basis 
of inheritance in Oenothera can be gained from a consideration 
of relatively simple cases in other plants. A simple reciprocal 
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translocation in Datura, in which the two segments involved are 
approximately whole arms, gives a ring of four chromosomes, 
which at metaphase is arranged in a figure 8 fashion so that 
alternate members of the ring of chromosomes go to the same 
pole. If a second interchange occurs, that involves the second 
limb of one of the chromosomes of the first translocation and a 
limb of a third non-homologous chromosome, the pachytene con- 
figuration will be a ring of six chromosomes arranged so that 
alternate members go to the same pole. A third reciprocal inter- 
change can involve another pair of chromosomes, making a ring 
of eight (Fig. 79) . Any number of chromosomes up to the total 


wt J 


Fig. 80. — •Chromosome configurations at diakinesis and metaphase in Oeno- 
thera. Here there is a ring of 12 chromosomes plus one pair, such as is found 
in Oe. lamarckiana and other forms. Note the regular zigzag arrangement at 
metaphase. (Modified from Cleland and Oehlkers. For clearness the pair at 
metaphase is moved away from the ring of 12.) 

number present in the species (12 pairs in Datura) can theoret- 
ically be involved in such a ring. 

Gomplexes.— Such translocations have occurred in Oenothera, 
resulting in a ring of 12 chromosomes and a single pair in Oe. 
lamarckiana, the species with which deVries worked (Fig. 80). 
Because of the zigzzg arrangement of chromosomes at meta- 
phase, disjunction occurs in such a way that only two kinds of 
spores are produced, so far as the chromosomes in the ring are 
concerned. These two combinations of seven chromosomes (six 
from the ring and one from the pair) are known technically as 
complexes and are often given names — * gaudens” and 'Velans** 
in the case of Oe. lamarckiana. The two homozygous types fail 
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to appear because the velans complex carries one zygotic lethal and 
gaudens another. Thus, this form is a translocation heterozygote 
kept heterozygous by balanced lethals. 

Linkage in Oenothera. — ^An important genetic consequence of 
the balanced condition of Oe. lamarckiana is that there are only 
two linkage groups. Genes in the free chromosome pair segregate 
in the normal way, and independently of those in chromosomes 
involved in the ring of twelve. The genes in the chromosomes 
in the ring of twelve make up a single linkage group. Crossing 
over can of course occur in the pachytene arms and exchange 
segments of chromosomes in opposite complexes. As in the case 
of a simple translocation ring, the single large linkage groups 
would not give a simple linear linkage map. In fact, not enough 
genes are known to construct chromosome maps in Oe. lamarck- 
iana, but if such maps were constructed, the linkage map would 
be a twelve-armed one. 

Twin Hybrids. — ^Another genetic characteristic of the situation 
found in Oenothera is the production of more than one type in Fi 
from crosses between forms. The principle is here the same as 
that in the case of balanced lethals previously considered. 

Analysis of Complexes. — ^Other forms of Oenothera have other 
configurations. There may be a ring of 14, a ring of 8 plus a 
ring of 6, seven pairs, or any one of the remaining possible com- 
binations of rings and pairs. A systematic study of combinations 
of complexes from different forms has made it possible to identify, 
with respect to a standard, the arrangement of segments in many 
of the complexes. The fact that such studies have given self- 
consistent results is sufiicient evidence of the correctness of the 
interpretation. 

The above account of Oenothera is simplified. There are a 
number of complications of interest, but only a few can be con- 
sidered here. It is seen that we have assumed that each chromo- 
some is made up from only two original chromosomes. This will 
be true only if all the translocations involved result from breaks 
at the centromere. Actually this is known not to be the situation 
in all breaks. There is sometimes a segment near the centromere 
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from a third original chromosome. The frequency with which 
such inter stitial segments are present is not known. Crossing over 
between such an interstitial segment and its homolog will result in 
a partial breakdown of the system, and gives rise to a change 
sometimes called a half mutant. Some of the mutations of 
deVries were due to crossing over of this kind. 

Irregular Chromosome Distribution. — ^Distribution of chromo- 
somes is not always regular and it is possible to get extra-chro- 
mosome types. These usually have phenotypic effects (Chapter 
XV), and they constitute another portion of the mutants of 
deVries. Another mutation found by deVries is a dwarf form 
known as nanella. This is due to segregation of a simple recessive 
gene. The nanella gene is in the gaudens complex, in such a 
position that there is not often a crossover between it and the 
translocation point. It is, therefore, in a balanced heterozygous 
condition. When occasionally it does get into the velans complex 
by crossing over, the homozygous form appears. 

Mutations in Oenothera. — ^It will be seen that the changes 
described in Oenothera are, for the most part, not of the type now 
described as mutations. Though most of them must be referred 
back to mutations that occurred in earlier generations, the imme- 
diate event responsible for the appearance of the new type is a 
rearrangement of chromosomal material, not the production of a 
new gene or the loss of an old one. Historically, the term muta- 
tion was first based largely on these types in Oenothera, Changes 
in the significance of technical terms, such as this one, are per- 
haps unfortunate, but they are inevitable in a rapidly developing 
subject. 
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Problems 

1. Diagram the configuration expected following complete conjugation 

of chromosomes in a reciprocal translocation heterozygote in 
Drosophila in which the entire right limbs of the second and 
third chromosomes have been exchanged. Indicate the four 
arms with the symbols of a few genes known to be located in 
each one. 

2. Draw the chromosome maps that would be expected in a strain of 

maize homozygous for a reciprocal translocation involving chro- 
mosomes 2 and 9 and in which the translocation breaks were at 
locus 30 in each chromosome. (Maps of only the two altered 
chromosomes are necessary.) 

3. Make diagrams of the chromosomes resulting from reciprocal trans- 

locations involving chromosomes 2 and 3 in Drosophila where: 
{a) Breaks in both chromosomes are just to the right of the 
centromeres. 

(b) Break in 2 is just to the right and that in 3 just to the 
left of the centromere. 

(r) Break in 2 is just to the left and that in 3 just to the 
right of the centromere. 

{d) Breaks in both chromosomes are just to the left of the 
centromeres. 

4. Draw the configuration expected with complete conjugation in the 

translocation heterozygote described in problem i, in which there 
is a heterozygous inversion involving the middle third of the 
right limb of chromosome 2. 

3. A Drosophila male heterozygous for a reciprocal translocation in 
which the right limbs of chromosomes 2 and 3 have been ex- 
changed carries the recessive gene for aristaless {al) in the nor- 
mal second chromosome and the recessive gene for sepia eye 
color (j^) in the normal third. This male is mated to an 
aristaless sepia female. WhB.t types of offspring are expected? 
Show by means of diagrams the constitution of all zygotes pro- 
duced, indicating which ones survive as adults. 

6. If a male homozygous for the translocation described above and 
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heterozygous for both the aristaless and sepia genes (both re- 
cessives contributed by one parent of the male) is mated to an 
aristaless sepia female, what types of offspring will be expected? 
(Give frequencies.) 

7. One of the standard methods of determining which chromosomes 

are involved in reciprocal translocations in maize depends on the 
determination of the type of chromosome association at dia- 
kinesis of the first meiotic division. If two strains differ by a 
single translocation, the between them typically gives a ring 
of four chromosomes. If they differ by two independent recip- 
rocal translocation (involving different pairs of chromosomes), 
the Fi typically shows two rings of four. Given the four known 
homozygous strains, 

(1) normal 

(2) 1-2 translocation 

(3) 2-3 translocation 

(4) 2-4 translocation 
(X) unknown, 

and the following configuration inFi: 

(1) times (X) — ring of 4 

(2) times (X) • — ring of 6 

(3) times (X) — ring of 6 

(4) times (X) — 2 rings of 4 

What could you deduce as to the chromosomes involved in the 
reciprocal translocation in strain X? 

8. Starting with a homozygous normal strain of Datura, what is the 

minimum number of reciprocal translocations required to get a 
ring of 12 chromosomes at meiosis? 


CHAPTER XII 


MULTIPLE ALLELES 

In the preceding chapters we have, in general, dealt with only 
two alleles at any given locus. This is all that can exist in a 
single diploid individual, since each locus is then represented 
only twice. If we consider more than a single individual, it is 
logically possible to suppose that several different alleles may exist 
at corresponding loci, in different chromosomes — i.e., that a given 
-f. may have several different mutant alleles. In fact, this is fre- 
quently the case. The genetic results obtained when multiple 
alleles Me concerned may be illustrated by some of the eye-colors 
of Drosophila. To make this clear, it is convenient first to con- 
sider two separate pairs of alleles, i.e., two pairs of non-allelic 
genes. The wild-type here has dark red eyes. Two eye-color 
mutants (already mentioned) are white and vermilion, one with 
pure white eyes, the other with bright vermilion ones. Each of 
these types breeds true, each differs from wild-type by a single 
recessive sex-linked gene, and each arose directly from wild-type 
by a single genetic change (mutation) . If the two mutant strains 
are crossed, .the Fi females are phenotypically wild-type; from 
which we may deduce that each strain carries the dominant + 
allele of the recessive mutant gene present in the other. That is, 
wild-type is white is w vermilion is v, the Fi is 

w p+/w+ V. Since both w and v are recessive, the Fi is then 
phenotypically wild-type. We have seen that v lies at the locus 
33 in the X chromosome; to has been found to lie at 1.5. It 
follows that, if one breeds from the Fi female just described, there 
must be crossing over between the two loci, and individuals 
must be produced. Experiments show that such individuals 
are produced, but are not phenotypically different itom w 
— in other words, they have white eyes, and the gene gives no 
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; visible effect when no pigment is present in the eyes (compare the 
case of black and albino guinea-pigs — Chapter IV) , 

White Alleles in Drosophila — ^This is the kind of result that is 
to be expected, on the b^sis of the principles so far discussed; 
the case is different, however, if we consider the mutant type 
apricot. This type, with yellowish pink eyes, also arose directly 
; from wild-type, and also acts as a simple sex-linked recessive to 
wild-type. If the apricot strain is crossed to white and to ver- 
I milion, the following phenotypes appear in the Fi females: 

? apricot X vermilion wild-type 

^ apricot X white pale apricot 

The second cross gives an intermediate between the two parental 
types — suggesting at once that neither type has contributed the 
dominant allele of the other. If we carry the above crosses 
another generation, it is found easy to obtain the double recessive 
apricot vermilion, which is characteri2ed by a light yellow eye- 
color; but from the cross of white X apricot no new type can be 
recovered. It is impossible to get 4- from a cross of white and 
apricot, or to produce any double recessive corresponding to white 
vermilion or apricot vermilion — a double recessive white apricot 
does not exist. 

These relations confirm the hypothesis, based on the phenotype 
of the Fi, that neither white nor apricot carries the -j- allele of 
the other. The simplest interpretation is that apricot is due to a 
new modification of the gene — ^which we may designate 

The Fi female then has the constitution w/w^\ and, since these 
two genes occupy the same locus, no crossing over is possible be- 
tween them. 

A corollary is evident; if we determine the locus of apricot in 
the X chromosome it should come out the same as that of white. 
This is, in fact, the case. While the locus 1.5, was first deter- 
mined by the use of white, the usual practice now is to use apricot 
instead, since there results less confusion of phenotypes if other 
eye-colors are present in the experiment— as shown above for 
vermilion. 


1^6 AN INTRODUCTION TO GENETICS 

There are a number of other alleles at this same locus— blood, 
coral, eosin, cherry, tinged, buff, ecru, ivory, and several others, 
some of which are unnamed. All are given symbols with w 
(from white, the first type studied) as a base: apricot is 
eosin is w®, ivory is etc. When any two of these types are 
crossed, the Fi female is intermediate in eye-color — a relation that 
is frequent but not invariable for multiple alleles. 

Number of Alleles at One Locus. — It may be argued that there 
are as many distinct alleles as there are distinguishable interme- 
diate grades of color between red and white. This is, however, 
probably too extreme a statement. But there is evidence that the 
two extremes themselves each include different types, which are 
stable and distinct, that can be differentiated by special methods. 
Muller has shown that certain w+ alleles differ in the phenotype 
produced when three alleles are present in the same animal. In 
general, individuals with three alleles of a given gene can be 
obtained by making use of duplications, or, as will be seen in later 
chapters, polyploids. In one case w^/w/w is red eyed, like 
tv+/w^, but a w+ from a different strain gives (again in 
w+/uj/w an appreciably paler eye-color. The mutation to 
white is a relatively frequent one, there being a number of strains 
phenotypically alike but separate in origin. It has been shown 
that, if such separate strains be crossed to apricot or to eosin, the 
resulting w/v^ or w/u/^ Fi females are not always alike; i.e., 
some whites give more dilution of apricot or eosin than do others. 
It is likely that similar detailed studies would make it possible 
to distinguish further members of the intermediate series of 
alleles. 

It must not be supposed, however, that this locus is in a con- 
stant state of flux. Tte changes that occur, while numerous and 
very diverse, are still relatively rare. Their absolute number is 
large only because of the veiy large number of flies examined. In 
practice, a given homoxygous strain breeds true, and needs no 
special precautions to keep it pure. In experiments, one may 
safely depend on the constancy of any given allele. 
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While the case of white is perhaps an ejctreme one, it is still 
true that many loci are represented by multiple alleles. The occur- 
rence of more than one mutant allele is the mle in Drosophila, 
and may be expected in any form where genetic studies are carried 
out on a very large scale. 



Fig. 8i. — Self-colored, albino, and Himalayan rabbits. These three types de- 
pend on allelic genes. 

Albino Series in Rabbits — An example is that of the albino 
series in the domestic rabbit. In this form there is a fully pig- 
mented wild-type, a pink-eyed albino with pure white coat, and 
a type called '‘Himalayan,'* with pink eyes and white coat except 
for the extremities (Fig. 8i). Crosses result as follows: 

wild-type X albino Fi, wild-type -» F2, 3 wild-type to x albino 

wild-type X Htoakyan Fx, wild-type — > F2, 3 wild-type to 
I Himalayan 

Himalayan X albino — > Fi, Himalayan F2, 3 Himalayan to 
I albino 
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The simplest interpretation is that we are dealing with a set of 
three alleles — a+ (wild-type), d** (Himalayan), and d (albino), 
with dominance relations in the order listed. All the facts are 
consistent with this interpretation; but there is a possible alterna- 
tive. It may be supposed that Himalayan arose first by a muta- 
tion from a wild-type gene (A+->A); if now albino arose from 
a Himalayan strain by mutation of a different wild-type allele 
(d+-»d), its composition would be a h. The observed results 
would follow, if one further assumption be made, i.e., that the 
loci of A and h are completely linked. These assumptions give a 
formal explanation of the case, and a similar interpretation may 
be applied in general. 

Complete Linkage and Allelism. — In the case of the white eye 
series of alleles in Drosophila, the hypothesis of completely linked 
genes meets with difficulties. It is known that white arose from 
wild-type directly; yet this hypothesis requires that it differ from 
wild-type by two genes, since it must have the recessive apricot 
gene present. That is, if we name the two hypothetical mutant 
genes w and a, wild-type is d+, apricot is d, white is w a; 
the fourth type, w a^, is unknown. If we add eosin to the series, 
we must suppose that white represents three simultaneous muta- 
tions {w A e, derived directly from «'+ d+ e+), and either eosin 
or apricot must be supposed to result from the simultaneous muta- 
tion of two genes. When the other known members of the 
series are added to the scheme, it becomes still more complicated. 
As we shall see in Chapter XIII, mutations may also occur from 
one mutant allele to another; these mutations necessitate even 
more complications if one is determined to save the theory of 
multiple linked genes. On the theory of multiple alleles, how- 
ever, no such complications arise. 

The existence of examples (of which many are known in 
Drosophila) like that of white makes the interpretation of mul- 
tiple alleles probable even in such cases as that of the albino and 
Himalayan rabbits, where the origin is unknown and the number 
of members in the series is small. The hypothesis of complete 
linkage is, however, one that must be kept in mind as a possibility. 
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Strong Linkage. — At the left end of the X chromosome map 
of Drosophila there is a group of loci that are so close together 
that they give no crossing over in diploid females — or at least so 
little that the occasional apparent crossovers produced may be 
attributed to the occurrence of new mutations. Two of these, 
scute and achaete, each exist in a series of multiple alleles, and 
each brings about a reduction in bristle number. They are con- 
sidered as belonging to two separate allelic series for three rea- 
sons: (i) in general the patterns are different, each locus giving 
mutant types that affect specific bristles; (2) if a recessive scute is 
crossed to a recessive achaete, the Fi is wild-type; (3) while the 
two loci are not certainly separable by crossing over, at least one 
inversion (known as ''scute-8”) has one of its points of rearrange- 
ment between them. There is, however, at least one mutant 
("scute-3”) that apparently represents simultaneous mutation in 
both loci. Because of its existence, the two series were for some 
years considered to be one; there is a large literature on the 
nature of this series, based on this natural misapprehension. This 
case illustrates some of the pitfalls with which the study of mul- 
tiple alleles is beset. 

Nature of Heterozygotes. — ^The second of the three reasons, 
enumerated above, for supposing scute and achaete not to be 
alleles, is of general applicability. We have already used it in 
introducing the discussion of the white series; white and apricot 
were presumed to be allelic because they did not give wild-type 
when crossed. This test is usually adequate, but is subject to 
several limitations, of which two are particularly important. First, 
it is desirable to know the origin of the types concerned; in the 
case of the example cited above from rabbits, the case would be 
much stronger if we knew definitely that Himalayan and albino 
had each arisen separately from wild-type. Second, the method 
is not applicable to dominant mutant genes. 

The Black Series in Mice,— The difficulty in the latter case may 
be illustrated by a case from mice. The wild-type, or agouti, coat 
color has been referred to before. There exists a recessive mutant 
type with black coat color, the gene being designated A Anot^^ 
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type has a yellow coat, and is due to a gene dominant to the 
wild-type. These three — ^yellow, wild-type, and black— behave as 
though they belonged to a single allelic series {b'^, b+, h), with 
dominance in the order named. The argument from the pheno- 
type of the hybrid between the two mutants {ti/b) is, however, 
of no help here, since this hybrid is yellow, as would be expected 
if two separate but closely linked loci are concerned. The case 
rests on the absence of crossing over; if a yellow-black hetero- 
zygote is mated to a homozygous black, no wild-type oJGfspring are 
produced. There is, however, one further relation that is at least 
consistent with the view that we are concerned with multiple 
alleles; the two mutant types differ from the wild-type in the 
same character— coat color in this instance. This relation is usual 
for multiple alleles. It may be noted, incidentally, that the 
hypothesis of multiple allelism was first proposed (by Cu toot) 
for this particular case in mice; 

BLOOD-GROUPS IN MAN 

There is an interesting example of multiple allelism in man. 
The technique of blood transfusion was formerly dangerous, so 
often leading to death of the patient as to be of questionable 
clinical value. The studies of Landsteiner and others showed that 
there are four types of individuals with respect to the nature of 
the blood; if transfusions are made from a donor who belongs 
to the same type as the patient, there is no danger, of an unfavor- 
able reaction. This discovery has made transfusion a safe and 
dependable clinical practice. 

Agglutination. — ^The unfavorable effects of * 'incompatible* * 
transfusions arise from the fact that the red corpuscles in the 
blood of one individual may be agglutinated (made to gather in 
clumps) by the serum of another (Fig. 82). The four types are 
characterized by differences both in the corpuscles and in the 
serum, as shown by the table on page 201. 

The serum carries specific substances, called agglutinins. Each 
different agglutinin reacts with a specific agglutinogen in the cor- 



Corpuscles from indi- 

Serum from individual of class 

vidual of class 

AB 

A 

B 

0 

AB 

0 

+ 

+ 

+ 

A 

0 

0 

+ 

+ 

B 

0 

+ 

0 

+ 

0 

0 

0 

0 

0 


(the + indicates agglutination, o indicates no reaction) 


puscles; agglutination results when the corpuscles carry an agglu- 
tinogen and the serum contains the corresponding agglutinin. 
There are two pairs of these; agglutinogens A and B react with 



Fig. 82.— “Diagrams of human blood corpuscles, magnified. At left, normal 
blood; at right, agglutinated corpuscles. 

agglutinins a and ^0 respectively. The four types of individuals 
are designated by the agglutinogens the types of corpuscles) 
they possess. The relations then are; 


Glass 

Agglutinogens 
in corpuscles 

Agglutinins 
in serum 

AB 

A,B 

none 

A 

A 


B 

B 

■ ■-.'■a 

0 

none 

a,/8 


Evidently the corresponding agglutinins and agglutinogens are 
not both present in the same individual— if they were, cor- 
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puscles of the individual would be agglutinated by his own serum. 
Another relation, which makes the whole scheme easy to remem- 
ber, is that, if an agglutinogen is absent in the corpuscles of an 
individual, then the corresponding agglutinin is present in his 
serum. 

Inheritance of Blood Groups.— Analysis of pedigrees of tested 
individuals has shown that these four classes are dependent on 
the existence of three allelic genes, of which one conditions the 
presence of A agglutinogen, one the presence of B, the other 
the absence of both agglutinogens. The usual system of designat- 
ing alleles, used in this book, is cumbersome here; it is simpler to 
designate the three alleles by the letters standing for the agglu- 
tinogens they condition — Aj B, O. Using this system, the con- 
stitutions of the four types are: type A B, AJB; type A, A/A or 
AJO; type B, B/B or B/0; type O, 0/0. That is, A and B are 
each dominant to O, but the A/B heterozygote shows the effects 
of both genes. As may be seen, the result is that two parents 
both O have only O children; an AB individual can have no O 
children, and neither of his parents can have been O; the mating 
Ax® (if both individuals happen to be heterozygous for 
O) produce all four classes. It is, in fact, from observation of 
these and similar rules that the inheritance has been shown to 
depend on three allelic genes. 

The rules for the inheritance of the blood-groups have found 
an application in medicolegal practice. It is evident that, in 
cases of disputed paternity, it will sometimes be possible to show 
that given individuals cannot be related as parent and off- 
spring; the method can never give positive evidence, but in cer- 
tain cases, easily deduced from the outline given above, it may 
be concluded that one relationship is possible, another one is not. 

The relative frequencies of the four blood-groups differ in 
different races; this matter will be discussed further in Ghapter 
XVIII, where we shall see that the proportions among the groups 
furnish confirmation of the view that three alleles are concerned. 
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SELF-STERILITY 

Another example of multiple alleles that has a practical appli- 
cation is that which is concerned in the self-sterility of many 
plants. The inheritance of this type of self-sterility was first 
worked out in Nicotiana by East and co-workers; we may take this 
form as typical of a condition that is widespread among seed- 
plants. In the particular strains studied, each plant fails to set 
seed when self-pollinated, though both eggs and pollen are fully 
fertile when the plant is crossed reciprocally with most other 
individuals of the population. Genetic analysis shows that this 
property is due to a series of alleles, known as etc. 

Each plant is normally hetero2ygous for two of these. The rule 
is that a pollen-tube will not grow well in a style that carries the 
particular S allele present in the (haploid) pollen grain itself. 
Thus, in the styles of a plant that is neither nor pollen 
grows well, regardless of whether produced by the same plant or 
by another one; on the other hand, 5 ^, S\ etc., grow perfectly. It 
follows that, if 5 ^/ 5 ^ is pollinated hy S^/S\ only the S® pollen 
functions, and there result equal numbers of 5 ^/ 5 ® and S^/S^ 
plants. Such tests have been carried out on a large scale, and 
have given perfectly consistent results. In some species showing 
this type of self-sterility it is possible to see and measure the 
growth rate of the two kinds of pollen-tubes. In this way one 
gets an independent check on the hypothesis; the results are as 
expected— in pollination of the type S^/S^ X distinct 

growth rates can easily be found in a single style. 

Self-sterility is of horticultural importance when it occurs in 
plants of economic value, and when it occurs in wild populations 
it presents an interesting special case of the behavior of mixed 
populations. The physiological study of the relation is likewise a 
promising field for investigation. These subjects are all being 
actively studied, but the results do not yet warrant a detailed 
discussion. 
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Problems 

1. If an Fi female, hybrid between a black and a Himalayan rabbit, 

is crossed to an albino buck, what types will be expected among 
the progeny, and in what relative proportions will they be ex- 
pected? ^J^at will an Fj female, hybrid between an albino and 
a black rabbit, give among her progeny if mated to a Himalayan 
buck? 

2. If d\ (dwarf) in maize is an allele of ^1, what per cent of crossing 

over would you expect to get between d\ and cr^ (crinkly leaf) ? 

3. Given a stock of Drosophila homozygous for a new eye color mu- 

tant that looked like apricot (allele of white), what would you 
do to test the supposition that it was a white allele? Is it 
possible to obtain a crucial test in one generation? Explain. 

4. The symbol S designates self-sterility alleles in tobacco. What are 

the progeny expected from the crosses: 


(a) 51 52 X 

(b) 51 52 X 

(c) 51 52 

(d) 51 52 X 

5. One of the rules applicable to the inheritance of self-sterility alleles 

in tobacco states that it is possible for a plant to produce off- 
spring genotypically like itself with respect to 5 alleles when 
used in certain crosses as one parent, but not when used as the 
other parent. From the results of the previous problem, can 
you state this rule in more specific form? 

6. How do you explain the fact that parents both of whom belong to 

blood group At may have children of group O ? 

7. What will be the blood groups of the children, where the parents 

':'are: ' ■ ■ ■ 


{a) O and O 
{b) O and A 
(r) O and B 
{d) O and AB 

(e) A and A 


(/) A and B 
(g) A and AB 
{h) B and B 
(/) B and AB 
(;) AB and AB 
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8. If you were on a jury before which the case outlined below was 
being tried, what would you conclude? 

Family X claims that baby C, given to them at the hospital, does 
not belong to them, but to family Y, and that baby D in pos- 
session of family Y is really theirs. It is alleged tibat the two 
babies, both girls, were accidentally exchanged soon after birth. 
Family Y denies that such an exchange has been made. Blood 
group determinations show: 


X mother — AB 
X father — O 

Y mother — A 

Y father — O 
C baby — A 
D baby — O 


9. Apricot eye color of Drosophila in combination with several 
other eye colors such as scarlet (s/) gives an eye color lighter 
than either of the single eye colors. Why does this make apricot 
more useful than white in linkage and other genetic experiments ? 



CHAPTER XIII 


MUTATIONS 

There are a variety of different changes that may occur in an 
organism. Assuming that one starts with a diploid form, the 
possible kinds of new types that it may produce may be classified 
as follows: 

I . Changes in whole sets of chromosomes. 

[a) Polyploids. 

{b) Haploids. 

2. Changes in whole chromosomes. 

{a) Trisomics, tetrasomics, etc. 

{b) Monosomies, nullosomics. 

3. Changes in amounts of portions of chromosomes. 

[a) Duplications. 

{b) Deficiencies. 

4. Changes in relations of parts. 

{a) Inversions. 

{b) Translocations. 

5. Changes in the composition of individual genes. 

Any of these changes may be termed mutation, but sometimes 
only the last— changes in the composition of individual genes— 
are implied. However, each of the other types may produce a 
phenotypic effect, and the distinctions indicated here are often dif- 
ficult to make in practice. The third type and (as will be shown 
in Chapter XIV) the fourth are especially likely to be confused 
with true gene mutations. Accordingly, it is desirable to have a 
term that shall include all possible changes; mutation is used in 
this sense, with the understanding that changes of whole chromo- 
somes or of whole sets of chromosomes are excluded unless the 

'’206 ■ ■. , , , , , 
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contrary is specified. In short, the term is made a loose one in 
order that it shall be possible to use it in discussing actual data. 

Frequency of Mutations. — ^The total number of specimens of 
Drosophila melanogaster examined by competent observers is at 
least in the tens of millions; the number of mutations obtained 
without artificial treatment is in the hundreds or even thousands. 
Even if these numbers were exact, they would give no adequate 
measure of the frequency (or rate) of mutation, for different ob- 
servers differ in their sensitivity to new and unexpected characters, 
and the likelihood of a new mutation being detected is also 
related to the system of breeding followed — inbreeding being ob- 
viously more likely to bring autosomal recessives to light than is 
the crossing of remotely related individuals. 

A quantitative study of mutation frequency must include some 
methods of avoiding these two dijEculties; i.e,, a constant and 
carefully planned system of breeding must be followed, and some 
method must be devised for minimizing the differences in per- 
sonal equation between observers or between different days in the 
case of a single observer. 

LETHAL GENES AND MUTATION FREQUENCY 

The most effective method of eliminating the personal equation 
factor that has yet been developed depends on the determination 
of the frequency of occurrence of new lethal genes. Crosses are 
arranged (as will be described below) in such a way that a 
newly arisen lethal will result in the death of all members of a 
particular class. The cross is so arranged that all that is needed is 
the classification of well-known and sharply distinct types. The 
results obtained in this way are free of the personal equation ele- 
ment, and can be safely taken as showing what any observer would 
have obtained from the same material. 

CIB Method.— The planning of matings that will achieve this 
result requires some care and ingenuity. There is, however, one 
standard method, devised by Muller, that is most widely used and 
that will illustrate the general principles that are present in all 
efficient schemes for the detection of lethals. This method, avail- 
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able for the detection of lethals in the X chromosome of Dro- 
sophila melanogaster, is known as the "CIB” method. It depends 
on the use of a particular type of X chromosome, that has three 
important peculiarities (see also Chapter X) : ( i ) it carries a long 
inversion (from about 6.0 to about 59.0 in terms of map units); 
(2) a lethal is present, as a result of which all males carrying this 
chromosome die; (3) the dominant mutant gene bar is present, 
enabling one to distinguish females that carry the C/B chromo- 
some, provided the bar gene is not present in the other chro- 
mosomes used. The inversion prevents practically all effective 
crossing over in the X’s of heterozygous females, so that the CIB 
combination behaves as a unit in inheritance, as shown in the fol- 
lowing scheme: 


CIB 

-f 


5 X + 3 


$, — 5, CIB $ (dies), -f- $ 

+ + 


The use of this strain in experiments depends on the fact that 
each female carrying CIB obtained her other X from her father, 
so that there can have been no lethal in this X in the preceding 
generation. If a new mutation to a lethal has occurred in this 
chromosome, the female will now produce no sons, since the CIB 
males always die and the new lethal will cause the other half of 
the males to die (Fig. 83). The necessary distinction then is, 
between a sex-ratio of 2:1 (no mutation) and one of 1:0 (new 
lethal) . Mere inspection of the culture is enough for this pur- 
pose, with the result that the tests can be carried out on a really 
large scale. 

Frequency of Spontaneous Lethal Mutations. — ^The use of 
this test has shown that the frequency of new sex-linked lethals, 
in untreated material, is somewhat variable but is usually about 2 
per 1000 tested chromosomes, which under the conditions of the 
experiment is the frequency per generation. It is evident at once 
that this rate cannot apply to all other organisms if it is trans- 
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lated to terms of time. If the ‘same frequency per unit time 
occurred in man, the frequency per generation would average 
nearly two lethals per X chromosome — ^and the sex-ratio could 



INDUCED 

Fig. 83, — ^Diagram to illustrate the use of the C/B method ia the study of the 
mduction of new lethal mutations in the X chromosome of Drosophila. 

not approach 1:1. It remains possible, though not necessarily 
true, that the mutation frequency is of the same 

order of magnitude in man and in Drosophila. 
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X-RAYS AND MUTATION 
This rate of production of spontaneous mutations is so low that 
it is difficult and laborious to study. Muller has shown, however, 
that this difficulty can be partly overcome by the use of x-mySy 
which greatly increase the frequency of lethal (and other) muta- 
tions. Before describing these effects the physical nature of the 
effects of AT-rays is to be considered. 

Mechanism of x-Raj Effect — ^When an x-ray photon (gamma 
ray) is absorbed by an atom, it causes the emission of a fast 
electron, or secondary beta particle. This electron has a large 
amount of energy, which it loses in successive steps, each step 
involving approximately the same loss as does each other one. 
Each occurs when the fast electron meets an atom and loosens an 
electron from it. This happens infrequently— about once in a 
thousand atoms in the path of the fast electron. These latter 
electrons are endowed with much less energy than the original 
fast one, and each quickly attaches to a neighboring atom. The 
atom from which an electron was removed becomes positively 
charged (since an electron itself has a negative charge), that to 
which an electron attaches becomes negatively charged. The 
charged or ionized atoms must be supposed to be responsible for 
the changes (mutations as well as other effects) produced by 
x-rays. An ionization results from the release of the original 
fast electron; but this electron itself induces many secondary 
ionizations before it loses its energy, so the number of secondaries 
is much greater than that of primaries. It is, therefore, probable 
that practically all the effects are due to secondary ionizations. 

The intensity of x-radiation is usually measured in terms of the 
Roentgen unit, or r-unit. This is based on the number of ioniza- 
tions per cc. of air under standard conditions. A given number 
of f-units may thus be obtained by intense radiation for a short 
time, or by weak radiation for a longer time. 

The use of the C/J 5 technique in x-ray experiments is illustrated 
in figure 83. A rayed male is mated to an untreated CIB female, 
and the CIB daughters are mated individually to normal males. 
Each such daughter of the treated male constitutes a test of one 
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treated X. If a new lethal is induced by the treatment, then the 
daughter that gets the mutated chromosome will produce no sons. 

I^osage and Mutation Frequency. — ^Many investigators have 
studied the relation between the amount of x-ray dosage given to 
males and the frequency with which their CIB daughters carry 
new lethals in treated X’s. It turns out that the relation is (for 



Fig, 84— The relation between x-ray dosage and frequency of induced lethal 
mutations in the X chromosome of Drosophila. (From Timof^eff, Zimmer, and 
Delbriick,) 


low dosages) a linear one; on the average each increment of 350 
f-units in the dosage adds i per cent to the number of recovered 
lethals. in the diagram shown in figure 84, this linear relation 
is shown by the solid straight line. The data evidently fit for low 
dosages, but give fewer recovered lethals at higher dosages. This 
was to have been expected, since the method used does not dis- 
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tinguish between chromosomes with one new lethal and those in 
which two or more new lethals have been induced. As the total 
number of lethals increases there will, of course, come to be more 
and more such cases of more than one lethal in a single X. The 
dotted curve shown in the figure is calculated on this basis, assum- 
ing that lethals are distributed among the chromosomes at ran- 
dom; evidently the agreement between observation and theory is 
good. 

There are other experiments of this sort which do not agree 
numerically with those cited; but they do agree in showing a 
constant increment in lethal frequency with a given increase in 
/-units. That is, each series of experiments is consistent within 
itself, but different observers have not always obtained the same 
slope of the curve. These discrepancies may be due to differences 
in the strains of flies used, or in the physical methods used to 
measure /-units. In any case they do not cast any doubt on the 
simple nature of the relation between dosage in /-units and lethal 
mutation rate. 

Experiments of many investigators show that, within the x-toj 
range, this relation is independent of the wave-length of the radi- 
ation used, and that the duration and the intensity of radiation 
may both be altered, provided the total /-units be unchanged. 
Intermittent treatment has the same effect as continuous. These 
results can only be interpreted as meaning that each lethal muta- 
tion is the result of a single ionization. 

SpoxLtaaieous Mutations. — It can be shown that the curve relat- 
ing mutation to /-units does not quite pass through the point of 
origin; Le,, at zero /-units there are still some mutations present. 
In fact, the natural ionization present under normal conditions 
cannot account for any large fraction of the ''spontaneous^' muta- 
tions referred to above — ^about 2 per 1000 X chromosomes per 
generation. 

Induced Lethals and Chromosome Rearrangements. — ^Lethals 
are the most easily studied mutant types in this kind of investiga- 
tion, both because they are relatively frequent and because their 
detection can be reduced to a routine "fool proof" technique. 
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There are, however, some possible objections to the application, 
to other mutations, of results obtained from the study of lethals. 
We have seen that lethals may be due to losses of materials- — to 
deficiencies. Since x-rays are known to increase the frequency 
of chromosome rearrangements, it is pertinent to inquire whether, 
in studying frequencies of lethals, we are dealing with frequencies 
of short deficiencies or of gene mutations. Study of the salivary 
gland chromosomes of x-ray induced lethals shows, in fact, that 
many of them are due to short deficiencies (Demerec). The 
actual proportion due to gene mutations can scarcely be estimated 
— ^it is possible that this proportion is very small. 

These considerations raise the question: do x-rays actually in- 
duce changes in individual genes at all, or are they effective only 
in causing breakages and rearrangements of parts of chromosomes, 
thereby indirectly bringing about inherited phenotypic effects 
without changing genes? This question is difficult to answer. 
Direct cytological study of the chromosomes of induced mutations 
often fails to show any detectable change; but even the salivary 
gland chromosomes do not permit a sufficiently exact analysis to 
make such negative evidence altogether conclusive. 

Induced Non-lethal Mutations.— Another method of attacking 
the problems in this field is through the study of induced muta- 
tions that are not lethal. Muller has pointed out that mutations 
may be classified according to a system analogous to that which is 
used for light-rays. At one end of the “spectrum** there^^^ a^^^^ 
mutant types that have only slight effects, detectable only by 
special techniques— presumably others that cannot be detected at 
all. These slight types include the modifiers that we shall discuss 
in connection with selection; they may be considered as analogous 
to the infra-red region of the light spectrum. Next come the 
“visible** mutant types, not sharply distinct from the slight ones. 
This class includes all those mutant types that are viable and are 
definitely distinguishable from wild-type. Analogous to the ultra- 
violet region of the spectrum are the lethal mutations. This 
rough analogy fits the case in another respect: there are more 
slight and more lethal mutations than there are “visibles,** just as 
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the visible range occupies only a small portion of the whole spec- 
trum. It should be emphasized that this is a classification of 
mutant phenotypes, and has no necessary relation to the amount or 
kind of change in the genes themselves. 

Slight Mutations. — ^Timofeeff and Muller have each utilized 
the CIB technique in a study of the slight mutations. They have 
shown that slight, but permanent, changes in viability (mostly 
decreases, only rarely increases) are produced by j:-rays. Timo- 
f^eff estimates that such slight changes are from 2 to 2% times 
as numerous as are new lethals. Presumably these are only a 
fraction of the "slight” types that are produced, the remainder 
very likely having no detectable effect on viability. 

Frequencies of Lethal and Mon-Lethal Mutations. — ^The muta- 
tions resulting in visibly distinct phenotypes are difficult to esti- 
mate quantitatively, since the personal equation element cannot be 
entirely eliminated here. Their detection can be made more 
nearly objective by the use of the CIB technique. The scheme 
shown in figure 83 shows that all the sons of a tested daughter of 
a rayed male will carry a given rayed X; if a mutation was induced 
in this X, all these sons show the new character. In this case the 
personal equation is reduced to a minimum, since what is required 
is to detect a character present in many specimens of a family, 
rather than in a single individual. 

Direct comparison of lethals and "visibles” obtained in the 
same series of experiments indicates that there are about 9 times 
as many lethals as phenotypkally distinct types; this proportion 
must not be taken as exact, but only as giving a rough idea of 
the relative frequencies. 

Attached-X Method for Sex-Unked Mutations.— There is 
another method for the detection of sex-linked "visibles.” If a 
treated male is mated to an attached-X female, each son gets a 
single treated X, and will show immediately any new sex-linked 
viable and distinguishable character.^ This method is more ef- 

iNo special technique is required for the detection of newly arisen dominant 
genes, since they produce their characteristic phenotypic effects at once, and it 
is not necessary to control the constitution of the homologous locus. The fre- 
quency of dominants is, however, so low that they play little part in the study 
of mutation. 
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ficient, since it does not require the use of a separate culture for 
the testing of each treated chromosome. Its disadvantages are 
that it does not minimize the personal equation factor, and that 
it cannot be used for the study of lethals. Lethals are evidently 
to be expected; they will cause the death of some males, thereby 
modifying the i:i sex-ratio. The frequency of lethals, however, 
is in general too low to be distinguished from the eflfects of 
sampling on the ratio. Furthermore, any lethals induced in the X 
are at once lost, and cannot be tested further, as can those detected 
by the CIB method. 

Induced and Spontaneous Mutations. — One question that has 
been studied by means of the ‘Visible’’ types is: do x-rays induce 
the same mutant types as those that arise spontaneously? The 
answer here is evidently, yes. It remains uncertain if the relative 
frequencies of the various possible mutations are the same under 
the two conditions; but there can be no doubt that most of the 
types induced by x-rays may also occur spontaneously, and that 
most of those that occur spontaneously may be induced. The 
results obtained by Stadler with maize and by various investigators 
with Drosophila make it most probable that the relative fre- 
quencies for different genes do differ between irradiated and un- 
treated series; but it is not possible to estimate accurately the 
degree of the differences present. 

Induced Reverse Mutation.— As pointed out above, it has been 
suggested that x-rays do not induce gene-mutations, but only cause 
breakage and reunion of chromosomes. Several investigators 
{e,g,, Muller, Patterson, Timofeeff) have used the 'Visible” 
types in an attempt to solve this problem. These studies have 
shown that x-rays may induce reverse mutations; that both 
and may be brought about Specifically, (forked) 

has been induced, and then the induced f has been rayed and has 
produced /+. This result leaves little doubt that actual gene 
changes are concerned. 

Mutations at the White Locus.— The most elaborate series of 
experiments of this type are those of Timoffeff with the alleles of 
white. Some of the kinds of changes that he has induced are 




Fig. 8 5. —Some of the kinds of mutations that have been found at the white 
locus in Drosophila. (After Timof^eff.) 


shown in the diagrams (Fig. 85). Using a dosage of 4,800 f- 
units the following frequencies were obtained signifies any 
new alleles) : 

5.1 per 10,000 
7.6 per 10,000 
tv ->1^^ 0.5 per 10,000 

Adding these and other results, we can summarize the relations 
as follows: 

all decreases in color intensity, 4.8 per 10,000 
all increases in color intensity, 0.4 per 10,000 

These results show that different genes, even different alleles at 
a single locus, may have quite different mutation rates. These 
frequencies are, if anything, higher than those for most genes. It 
must be remembered that they were obtained by the use of a 
dosage that would have raised the rate for sex-linked lethals from 
the spontaneous value of 2 per 1,000 to about 135 per 1,000. The 
frequencies for most individual genes are so low, without treat- 
ment, that their study cannot be carried out. There are, however, 
a few "multimutating” genes jknown, that give very high fre- 
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quencies of mutation. These may represent special cases; they 
will be referred to again in the next chapter. It may be noted 
here that, in the ones studied by Demerec, their mutation fre- 
quency has not been increased by Ar-rays. 

Other Factors Influencing Mutations. — ^Many methods have 
been employed in attempts to increase mutation frequency. No 
other as effective as x-rays (and the equivalent gamma-rays of 
radioactive elements) has been found. There can be no doubt 
that ultra-violet light and increased temperature both increase mu- 
tation frequency. The first is technically difficult to use, since 
tissues are relatively opaque to it, with the result that it is difficult 
to get it into the germ-cells; high temperature increases the muta- 
tion frequency so little (not over a doubling per generation per 
10° C. increase in temperature^) that the study of the effect is 
extremely laborious. Chemical methods may be effective, but the 
results reported do not yet seem conclusive. 

It is probable that the effectiveness of x-rays depends on the 
fact that they produce large disturbances within very small re- 
gions. Other methods of treatment, such as the use of extreme 
high temperatures or poisons, have much more general effects; if 
they produce effects comparable in violence with those due to 
x-rays, in the neighborhood of a given gene, they will commonly 
produce them over a large area, and death of the cell (if not of 
the individual) will result. 
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Problems 

1/ Methods for detecting sex-linked lethal and sex-linked ' visible" 
mutations and measuring their frequencies were described for 
Drosophila. Outline a technique for measuring the frequency 
with which dominant mutations occur. How would you istin- 
guish between sex-linked and autosomal dominants? 

2. Outline the method you would use for determining the locus of 
a new dominant mutation in Drosophila. Do the same for the 
locus of a new recessive mutant. 

3. Outline the method of determining the frequency of reverse muta- 
tions of the recessive eye-color gene scarlet (s^) in Drosophila 
with a specified ^-ray treatment of mature sperm, the fre- 
quency of mutation of r/ to 

4. If dominant lethal mutations are produced with a relatively high 

frequency following treatment of mature Drosophila sperm with 
x-radiation, what would be the effect on the sex ratio when 
treated males are mated to attached-X females? What would 
be the effect on the sex ratio when such males are mated to nor- 
mal females? 

5. X-Ray treatment induces mutations at random; that is, these rays 

cannot be "directed" so as to produce specific mutations. On 
this basis, how would you set out to obtain new mutant alleles 
of the eye color gene light (//) in Drosophila by using x-ray 
treatment? If in getting these you make use of an already ex- 
isting allele of It, devise a way of differentiating the old and 
the new alleles without assuming their phenotypic effect to be 
different. 

6. The miniature (;??) and dusky {dy) characters in Drosophila are 

phenotypically similar and the genes that differentiate them lie 
Glose together in the X chromosome. A female heterozygous for 
both miniature and dusky is wild-type, suggesting that the m 
and genes are not allelic. What other type of evidence 
could be used to show that this is true ? In outlining an experi- 
ment for doing this, remember the possibility of mutation. If 
it is necessary to do so, make use of genes relatively closely 
linked with miniature and dusky, 

7. If mature pollen of maize homozygous for the normal allele of the 

waxy gene is x-rayed and then used in crosses with homozygous 
waxy plants, occasional kernels will be produced that are pheno- 
typically waxy. Presumably this is due to mutation and the 
endosperms of the waxy kernels are therefore in- 

stead oi A^/wx/wx, If such kernels are planted it will be found 
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that most plants that come from them are -^/wx and not wx/wx, 
as the phenotypes of the endosperm might be taken to indicate. 
How would you account for this apparent discrepancy? 

8. Aside from the fact that long exposure to x-rays may result in seri- 

ous "x-ray burns/* why should persons who habitually work with 
x-ray equipment be careful to shield themselves from the rays? 

9. In barley grains the embryo is differentiated into stem and root, but 

usually each of the separate heads of a barley plant is developed 
from a single cell present in the seed. If ungerminated seeds 
are x-rayed, mutations are produced. Knowing that barley is 
normally self -fertilized, how would you go about detecting in- 
duced recessive mutations ? To make this simpler, include only 
mutations that aflFect chlorophyll and are therefore detectable in 
the seedling stage. 


CHAPTER XIV 


POSITION EFFECT 
BAR IN DROSOPHILA 

It was pointed out in Chapter XIII that there are a few genes 
known that have high mutation rates, and it was suggested that 
possibly these represent special cases, not directly comparable to 
ordinary mutation. One such case has been analyzed, and has in 
fact been found to represent a special case. The analysis, now 
to be presented, has led also to certain inferences concerning the 



Fig. 86.— Eyes of Drosophila melanogaster. a, wild-type female ; b, homo- 
zygous bar female ; c, heterozygous bar female ; d, double-bar male ; e, homo- 
zygous infrabar female; f, heterozygous infrabar female; g, double-infrabar male. 


manner of action of genes, and has raised new problems Concern- 
ing the nature of ordinary mutations. 

Bar Rever^ons.— The bar type of Drosophila has already been 
referred to. This form was discovered by Tice (1914). It was 
shown by May and Zeleny that homozygous strains of bar are not 
quite constant; about i in 1,600 offspring from such a strain carry 
the jB+ allele, and a similar proportion carry a new allele, called 
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double-bar, that conditions an eye smaller than that of bar (Fig. 
86) . Sturtevant and Morgan showed that the occurrence of these 
new types is related to crossing over; this relation will be elab- 
orated below. 

Cytological Characteristics of Bar Types. — ^Muller and 
Bridges have studied the salivary gland chromosomes of the three 
types, bar, double-bar, reverted bar, with the results indicated in 
figure 87. Bar has a section of about four bands, which is present 
in wild-type, represented twice. This "repeat” is adjacent to the 
normally present section, and the bands are arranged in the same 



NORMAL DOUBLE- BAR 

Fig. Sy.—The bar region of X chromosomes from salivary glands, showing the 
duplicated section present in bar. (From Bridges.) 

order in the two sections. Double-bar has this same section 
represented three times; reverted bar is indistinguishable from 
wild-type in this respect, as it is in every other that has been 
studied. Bar may thus be considered as due to a special type of 
duplication; double-bar is due to the presence of this same duplica- 
tion in two doses. The genetic results, now to be discussed, had 
already indicated part of these results — ^they had, in fact, led to 
the application of the name double-bar. They also show the 
mechanism by which the changes (except that from wild-type to 
bar) occur. 
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Unequal Crossing Over. — The recxirrent changes at this locus 
occur only in females, and can be shown to be associated with 
crossing over. For this purpose, use is made of the two mutant 
genes forked (/—locus 56.8) and fused {fu — ^locus 59.5), lying 
one on each side of bar, and close to it. If females of the consti- 
tution B/f B fu are tested, it is found that all the reversions 
(B+ — i.e., with no duplicating segment) and all the double-bars 
(BB — i.e., with two duplicating segments) are either / /»+ or 
f+ ju~i.e., they are crossovers in the f-ju interval that includes 
the bar locus, though such aossovers constitute less than 3 per 
cent of all the offspring. These results are due to unequal cross- 


+ B + 



Fig. 88. — Unequal crossing over and the origin of double-bar and reverted bar. 
Position of crossover indicated by double arrow. 


ing over j a phenomenon so far known only in this ease. As 
figure 88 indicates, this is probably to be attributed to conjugation 
between the left section of one bar section and the right section 
of its homolog. 

Other changes occur here, likewise together with crossing over 
between the loci of f and fu: BJS/ 5 -->J 5 +, md J 5 +, 

These changes may be interpreted by means of 
diagrams of the same nature as the one shown. It is evident that 
BB/B should give rise to triple-bar, this being the complement of 
the £+ that is actually recovered; likewise 5 jB/ 55 should give 
rise to quadruple bar. The former has not been obtained, pre- 
sumably because it is relatively inviable; but Rapoport has shown 
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that quadruple-bar four duplicating sections) occasionally 
survives. The specimens obtained were weak and sterile; their 
eyes had from 7 to 10 facets each, compared to about 26 in the 
double-bars of the same strain. 

Infrabar. — Still another change has been found that gives a 
less extreme small eye known as infrabar. This change, which 
took place in a chromosome that was already B, was probably a 
true gene mutation. It has occurred only once; the salivary gland 
chromosomes have not been fully studied, but are probably not 
different from those of bar. Infrabar behaves like bar; it gives 
reversions to wild-type, and it gives double-infrabar, but bar 
cannot be recovered from it. From a female that carries both bar 
and infrabar (B/J 5 ^) it is possible to obtain (again by crossing 
over between / and fu) two new double types — and B^B 
(bar-infrabar and infrabar-bar). These are phenotypically indis- 
tinguishable, and have eyes only a little larger than those of 
double-bar. Genetically they may be distinguished by the usual 
test for sequence of genes, as follows: BE^/f fu gives f B and 
B jUy whereas B^B/f fu gives f B and B^ fu. 

Before the genetic and cytologicaj proof of unequal crossing 
over resulting in duplicating segments, the case of bar was a 
typical example of frequently recurring mutation. As will be 
seen, it is now clear that the mechanism involved is one that 
changes quantities, not qualities, of genes. It is probable that 
the numerous kinds of changes listed above include only one gene 
mutation in the strict sense (that from B to F). 

Other Frequently Mutating Genes.^ — The question is there- 
fore raised— do some or all other examples of frequently mutating 
genes represent some similar type of quantitative change? It is 
clear that none of the adequately studied cases can be due to 
exactly the same mechanism as that which is acting in bar; either 
the changes occur in somatic tissue, or they can be shown to occur 
without crossing over in the immediate neighborhood of the locus 
concerned. Nevertheless, there remains a strong suspicion that 
similar kinds of changes in gene quantities may be responsible in 
many such cases. 
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Rhoades has described a case in maize in which such an inter- 
pretation is unlikely. One of the most widely studied recessive 
genes in maize is a, which is concerned in the production of 
aleurone color; a plants have colorless aleurone, plants have 
colored aleurone if certain other specific genes (at other loci) are 
also present. The recessive ^ is ordinarily quite constant; but 
Rhoades has studied a strain in which mutations from a to 
occur with a high frequency, several in each kernel, so that the 
kernels show dots of color (cells with at-) on a colorless (a) 
ground. This high frequency is due to the presence of another 
gene, called Dtj that is not even in the same chromosome as a. 
No other phenotypic effect of Dt is known, but it consistently 
transforms a from a constant gene to a highly mutable one. No 
chromosome differences have been detected between any of the 
plants here concerned and normal maize plants. It is difficult to 
avoid the conclusion that the changes here are true gene muta- 
tions. The question of how many '*multimutating*' genes really 
undergo gene mutation in the strict sense remains an open one. 

POSITION EFFECT 

The bar case has led to another result that is of importance in 
the study of mutation and of development. The eyes of Dro- 
sophila are made up of separate ommatidia, each of which is 
visible at the surface as a single facet. These facets are relatively 
constant in size and their number therefore forms a convenient 
measure of the size of an eye. 

Facet Number.— In the case of the bar series of eyes, it has 
been shown that both temperature and a series of minor genes at 
other loci affect the number of facets. If these two variables are 
made reasonably constant, it is possible to compare the effects of 
the various bar alleles on facet number. Under the conditions 
actually encountered in one such series, the wild-type flies had 
about 750 facets (females 779, males 734), B/B females 68, B/+ 
females 358, BB/BB females 25 (the values given are approx- 
imate averages). 

It would be expected that B/B would have the same number 
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of facets as BB/4-, since each has two duplicating sections. This 
expectation is not realized; BB/-f regularly has fewer facets than 
JB/B. This is to say, two duplicating sections in one chromosome 
are more effective in decreasing facet number than are the same 
two when they lie in separate homologous chromosomes. There 
are three available comparisons, all showing this same relation: 

BB/+ = 45.4 B/B = 68.1 

BBV 4 - = 50.5 B/Bi = 73.5 

B^By4- = 200,2 ByB* =292.6 

This phenomenon, known as the position effect, constitutes a 
demonstration that the effectiveness of a gene may be a function, 
not only of its own constitution, but also of the position it occu- 
pies with respect to neighboring genes. 

Position Effect and Hairy, — ^Another example of the same 
relation has been recorded by Dubinin and Sidorov. A transloca- 
tion involved a break in the third chromosome near the locus of 
the recessive hairy {h — extra hairs on wings and elsewhere). 
Tests showed that the translocation gave the phenotypic effects to 
be expected if it contained the h gene {i^e., translocation/A 
showed the hairy character) i Dubinin and Sidorov were able to 
get crossing over between the locus of h and the translocation 
break. They showed that, if the allele present at the hairy locus 
in the translocation chromosome was transferred to a normal 
chromosome, it now acted in all respects like a gene; whereas 
a allele from a normal chromosome, when put into a trans- 
location chromosome, gave the same hairy phenotype in translo- 
cation/i?. Here, as in the ca^^ of bar and infrabar, there is no 
permanent change in the gene, which can be recovered in its 
original form when it is put into its original position. A case 
similar in every way to that of hairy has been reported for 
curled (wing character, third chromosome) by Panshin. 

Mechanism of Position Effect.— In the above cases there seems 
no escape from the conclusion that we are concerned, not with 
changes in the genes, but with modifications of their effects on 
development. A possible model, to illustrate how such modifica- 
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tions may come about, may be based on diffusion. If two genes 
each produce a specific substance, and each of these substances 
diffuses out from the gene that produces it, we may suppose that 
each is rapidly destroyed in the cell. There will result concen- 
tration gradients, with most of each substance near its point of 
origin. If the two substances interact, the amount of their joint 
product will depend on the distance that lies between the two 
genes concerned. If the joint product influences the course of 
development, we have all that is needed to picture a possible 
mechanism for the position effect. 

Other Possible Cases. — ^There are other cases that suggest the 
existence of position effects. In none of them has final proof 
been furnished by the recovery of the gene concerned and the 
demonstration that its new properties are due to its new position. 
For example, a high proportion of the translocations found in 
Drosophila are inviable when homozygous. It is possible that 
this lethal effect is due to loss or mutation of some gene or genes 
lying near the breakage point; it is also possible that there is still 
present a complete set of unmutated genes, but that some of them 
have position effects, due to their new locations, that are fatal to 
the organism. 

Position Effect and Mutation. — In view of the existence of the 
three established cases (those of bar, hairy, and curled) it is prob- 
able that many of the other suspected examples do in fact repre- 
sent position effects. This conclusion is of importance in con- 
nection with the general theory of mutation. It has been sug- 
gested that perhaps all mutations (or all x-ray induced muta- 
tions) are due to losses or gains of genic materials. The position 
effect indicates another possibility: it has been suggested that 
perhaps all mutations (or, again, only all x-ray induced muta- 
tions) are due to position effects. We are not inclined to take 
this hypothesis seriously, but it must be admitted that, in any 
given case, it is practically impossible to assert confidently that 
one is dealing with a change in the composition of a gene. It 
can often be established by cytological observation that the amount 
and arrangement of material has undergone no detectable change 
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when a mutation has occurred; but the dfficulty is with the one 
word ''detectable.” The available methods are not adequate to 
exclude the possibility of minute rearrangements; in fact rear- 
rangements of the minimum extent one could hope to detect have 
been found. Thus, Bridges has shown that the dominant mutant 
type dichaete is associated with an inversion that includes only 
three bands of the salivary gland chromosomes. 

Much remains to be done in the study of the position effect, 
which is at present one of the most rapidly developing branches 
of genetics. 
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Problems 

1. From the information given in the text about the dotted aleurone 

gene (D/) in maize, what ratio would be expected among the 
F2 kernels from the cross of ^ $ X + ^ ? 

2. The gene a in maize differentiates brown plants and anthers from 

purple plants and anthers (if the dominant alleles of the B and 
VI genes are present) as well as colorless from colored aleurone, 
In the presence of Dt, a mutates to in sporophytic tissue as 
well as in endosperm tissue. Assuming the rate in the sporo- 
phyte to be of the same order as that in the endosperm, what 
would you expect to be the appearance of an a Dt plant? 
Rhoades has shown that an a+ gene that arose from an gene 
in the presence of is stable. What methods could have been 
used in obtaining such an allele? 
i B 1 

3. From a 1— — —^ Drosophila female a forked fused male with 

^ fu ^ 

bar eyes is obtained. Is it / B B^ fu or f B^ B fu? 
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NON-DISJUNCTION AND RELATED PHENOMENA 

It is the general rule that the two members of a pair of 
homologous chromosomes are distributed to separate haploid cells 
at the meiotic divisions, but exceptions occasionally occur. It 
sometimes happens that both members of a particular pair of 
chromosomes are included in one first division daughter nucleus, 
leaving no representative of this pair in the sister nucleus. This 
failure of chromosomes to disjoin properly is known as non- 
disjunction. At the time this term was first used, the cytological 
basis of such irregularities in meiosis was not well understood, and 
it has turned out that the term is misleading. Actually, the 
irregular distribution is almost always the result of failure of 
metaphase pairing rather than failure of disjunction of a normally 
associated pair of homologs. The failure of metaphase pairing 
may result from failure of conjugation at zygotene, or from com- 
plete separation at diakinesis. The two unpaired homologs — 
univalents — are distributed to the two poles more or less at ran- 
dom with respect to each other. They may go to opposite poles 
or to the same pole. The term non-conjunction hss he&ti pro- 
posed for this failure of pairing and subsequent irregular dis- 
tribution, but the term non-disjunction is so widely used in the 
literature that we shall continue to use it with the understanding 
that its meaning is extended to include non-conjunction. 

Frequorcy of Non-disjunction. — ^The frequency of non-dis- 
junction varies in different forms and for different chromosomes 
in a given strain. In plants where metaphase pairing is by 
chiasmata, there is often a rough relation between shortness of 
chromosomes and frequency of non-pairing at metaphase. There 
may also be variations in frequency of non-disjunction among dif- 
ferent individuals of the same species. Genes that inflnpnrp the 
amount of metaphase pairing of chromosomes are known in a 
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number of forms, and it is known that environmental factors 
such as temperature influence such associations. Under normal 
conditions the frequency of irregular distribution for a given pair 
of chromosomes is not higher than one irregularity in several 
thousand divisions. Considering its complexities, the meiotic 
mechanism is remarkably stable. 

TRISOMIC TYPES 

As a result of non-disjunction at meiosis, gametes or spores 
with an extra chromosome may be formed. If such gametes or 
spores function, individuals will be produced with the diploid 
number of chromosomes plus one extra whole chromosome. Such 
an individual may be called a trisomic^ type or it may be referred 
to as a "'triplo’’ type, specifically designated by adding the name 
of the particular chromosome represented three times — for ex- 
ample, triplo-X or triplo-4 in Drosophila, triplo-io in maize, or 
triplo-F in tobacco. In still other cases, a trisomic type may be 
referred to as a 2n plus i (zn -]- i) individual, n designating a 
haploid chromosome set, 

Trisomics in Plants.^ — ^Trisomic types are known in a number of 
plants; because their meiotic behavior is better understood here 
than in animals, we shall consider them first. With a particular 
chromosome represented three times instead of two, conjugation 
becomes more complicated. In maize and several other plants, 
conjugation, under these conditions, is by twos just as it is with 
only two homologs present. The essential difference is that at 
any given point, one homolog is unpaired. Usually pairing 
partners change one or more times so that, considering the entire 
length of the chromosomes, each one of the three homologs is 
paired over some part of its length (Fig. 89). In other words, 
conjugation occurs as though pairing affinities were completely 
saturated as soon as two chromosome threads pair. A group of 
three homologous chromosomes associated during the first division 
of meiosis is known as a Considering the entire tri- 

valent, crossing over can occur between chromatids of any two 
homologs. But at one level chromatids from homologs i and 2 
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may cross over, whereas at another level, those from 2 and 3 or 
I and 3 may undergo crossing over (Fig. 89). Correspondingly, 
chiasmata may be formed between any two homologs that happen 
to be conjugated at a particular level. 




DIAKINESIS 

Fig. 89^—Meiotic prophase behavior of three homologous chromosomes in a 
trisomic individual. 

Distribution of Chromosomes of a Trivalent— Separation of 
chromatids by pairs at diplotene gives rise to trivalents, the forms 
of which depend on the number and position of chiasmata. As in 
bivalents, terminalLzation varies in diflferent species. In Datura, 
in which terminalization is complete, trivalents of such forms as 
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those shown in figure 90 can be seen at diakinesis. At metaphase 
the trivalent is arranged so that two of the three homologs are 
oriented toward one pole and one toward the other. Of the 
daughter nuclei one has an extra chromosome and the other has 
a normal haploid set. Finally, two of the four nuclei resulting 
from the two meiotic divisions carry the extra chromosome and 
two are normal. With distribution of this type, the extra chro- 
mosome would be expected to be transmitted to half the offspring 
in the next generation. 

Extra Chromosomes and the Phenotype. — Considering the 
genetic consequences of the trisomic condition, it is found first of 
all, that there is usually a characteristic modification of the pheno- 
type of a trisomic individual. Thus, in Datura strains in which 
no mutant genes are present, trisomic plants can be identified 

® ^ V ^ 

Fig. 90. — ^Diakinesis trivalent configurations of the "rolled” trisomic of Datura. 

(From Belling.) 

phenotypically. Furthermore, it is found that the phenotypic 
effects are characteristic for each one of the twelve different chro- 
mosomes. A plant trisomic for chromosome i differs from the 
wild-type and from the other eleven possible trisomic types, all of 
which are known. In some plants, maize for example, not all 
of the trisomic types are easily identifiable by their phenot)^ic 
appearances. This phenotypic modification of a plant carrying an 
extra whole chromosome has been shown to be the result of a 
change m. genk balance. This means that, although all the genes 
are present, they are not present in the normal proportions. 
Those in one chromosome are present three times while those in 
other chromosomes are represented only twice. The result of 
such a disturbance in the balance depends on two intrinsic factors: 
(i) the relative proportion of genes fliat are represented three 
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times and (2) the particular genes so represented. These two 
factors explain why each trisomic type deviates from normal in a 
particular way. Other examples of the influence of disturbances 
in the normal genic balance have been seen in duplications, in 
deficiencies, and in combinations of the two. Still other examples 
will be considered later, and we shall return to further considera- 
tions of the balance concept. 

Transmission of Extra Chromosomes — In many cases in plants 
extra c hromosomes are not transmitted to the following genera- 
tion with the frequency expected with the typical segregation 
described above. As an example, an extra chromosome 10 in 
maize is transmitted to about a third of the offspring when the 
trisomic plants are used as female parents in crosses with normal 
diploids. In the reciprocal cross, 2n X 2n -j- orily about one 
per cent of the offspring carry the extra chromosome. The low 
frequency of transmission in the latter case is largely the result of 
pollen competition — n -j- i grains are potentially functional, but 
are not successful in competition with normal haploid grains. 
This again is a manifestation, of the disturbance in the normal 
balance of genes — in this instance in the gametophyte generation. 
The low transmission through the female gametophyte may be 
the result of frequent failure of one of the three like homologs to 
be included in a daughter nucleus at the first meiotic division, or 
it may be the result of competition among the four megaspores. 
Some lagging of chromosomes does occur at anaphase of the first 
division because of failure of trivalent formation in a proportion 
of sporocytes. With a bivalent and a univalent instead of a tri- 
valent, the univalent is not always included in a daughter nucleus, 
but may remain in the cytoplasm and disintegrate. 

Trisomic Ratios. — With three homologs instead of two, all loci 
in the trisomic chromosome will be represented three times. With 
two different alleles of a given gene, four genotypes, instead of 
the usual three, are possible, viz., -^-/a/a, 

and a/ a/ a. Obviously, with three alleles segregating, genetic 
ratios will be different from those in normal diploids. Random 
distribution of the three alleles with no crossing over 
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between the locus of a and the centromere, will give the following 
spores or gametes: i + + ; 2 + ^ ; 2 + ; i 4 (Fig. 91 ) . With 
dominance of one normal allele over two recessives, a testcross to 
a recessive diploid 4/4 will give a phenotypic ratio of 5:1 for -j- 
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Fig. 91.— Types of segregation in a trivalent, one chromosome of which carries 
a mutant gene, 'a/' 


and 4 respectively. Such a ratio is seldom obtained in plants 
because of the fact that the extra chromosome is not transmitted 
to half the offspring. The observed ratio will depend on just 
how frequently the extra chromosome is transmitted and on the 
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frequenqr of aossing over between the locus concerned and the 
centromere. For the tenth chromosome trisome in maize, McClin- 
tock and Hill obtained a ratio of 3.8 jR to i -|- (colored and 
colorless aleurone) from the cross R/R/-j- 2 X +/+ 3 • This 
ratio is consistent with the direct observation that the extra chro- 
mosome is transmitted to about 33 per cent of the oif spring. The 
reciprocal cross, -+-/■+• 2 X R/R/+ ^ ^ of 2 col- 

ored to I colorless. An actual cross of this kind gave 646 R to 
355 _|_ kernels. The basis of this ratio becomes clear when we 
write down the constitutions of the spores expected (2 R; 1 -j-; 
2 l?/4- ; I R/Ri disregarding crossing over between the R locus 
and the centromere), and remember that ordinarily only 
those with a single tenth chromosome function. The cross 
5 X ^/+/+ ^ gives a 1:2 ratio of colored and color- 
less kernels (1282 to 2451 in a series of actual crosses). Again, 
this is the ratio expected with random segregation and elimination 
of all n I pollen grains. 

Correlating Linkage Groups and Chromosomes. — ^Trisomic 
types provide a useful general method of correlating specific genes 
with specific chromosomes. The example chosen for the above 
discussion was originally used as a demonstration that the R gene 
and other genes in the same linkage group are carried in the 
smallest of the ten chromosomes of maize, the tenth chromosome. 
A number of other linkage groups in maize were first correlated 
with specific morphological chromosomes by tills means. The 
method is also generally useful in localizing new mutations, 
particularly in plants where crossing over occurs in both sexes. It 
has an obvious advantage over the ordinary linkage method in that 
it is independent of the amount of crossing over. As an illustration 
of this, let us assume a hypothetical gene x in maize. In locating 
this gene by means of the ordinary linkage method, test crosses 
would be made that involved gene x and genes in known linkage 
groups. If gene x happened to lie in chromosome 10, it would 
show readily detectable linkage with the R gene only if it hap- 
pened to lie sufficiently close to R to give appreciably less than 
50 per cent of recombinations with it. In other words, the fact 
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that gene > is in chromosome 10 might easily be missed unless it 
were tested with two or three known genes favorably located in 
chromosome 10. But by making the cross of a triple- 10 plant 
with a diploid carrying x, getting a trisomic plant of the constitu- 
tion and using pollen of this on the diploid x/Xj one 

can tell by the ratio obtained whether or not x is in chromosome 
10. A i:i ratio for -f and tells one immediately that x is not 
in chromosome 10, a ratio of 2:1 for -j- and x, that it is in this 
chromosome. Its location within the chromosome can then be 
determined by the standard testcross method. 

Tetrasomic Types — Tetrasomk types, individuals with a given 
chromosome represented four times, are possible for some chro- 
mosomes in some plants and animals. They are sometimes ob- 
tained in plants by self-pollinating a trisomic individual or by 
crossing two such plants. Their initial zygotic frequency will be 
determined, of course, by the frequency with which the particular 
extra chromosome is transmitted through the gametes. Tetra- 
somic individuals have the phenotypic characteristics of the cor- 
responding trisomics in exaggerated form. Consequently they 
are regularly weaker and less viable than the trisomic types, in- 
volving the same chromosome. From the standpoint of genic 
balance it is obvious that they deviate from the normal in the 
same direction but to a greater degree than do comparable tri- 
somic types. 

Monosomic Types.— It is evident that the type of segregation 
that gives rise in the first instance to a trisomic type will also give 
rise to a spore or gamete with a corresponding chromosome ab- 
sent. From the fact that regional deficiencies are usually elim- 
inated in the haploid generation in plants, a gametophyte deficient 
in an entire chromosome would not be expected to survive; in fact 
they do not in diploid plants. In certain species of plants, indi- 
viduals with one less than the normal number of chromosomes 
are known to occur, but in such species it is also known that more 
than two sets of chromosomes are present. We shall therefore 
postpone discussion of so-called monosomic types in plants until 
the general question of polyploidy has been taken up. 
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THE POITETH CHROMOSOME OF DROSOPHILA 

Both trisomic and monosomtc (an minus i — -usually written 
an — I ) types are known in Drosophila. These are readily ob- 
tainable for the small fourth chromosome but are inviable when 
they involve the large second or third chromosomes. Because of 
their relation to sex, the X chromosomes present a somewhat 
special case which we shall discuss later in this chapter. Flies 
trisomic for chromosome 4, usually referred to as triplo-4 indi- 
viduals, are only slightly different from normal diploids in pheno- 
type — one cannot depend on identifying them by their appear- 
ance. The relation is well illustrated by the behavior of the 
fourth chromosome character eyeless, differentiated by the reces- 
sive gene ey. The cross -{-/■\-/ey 2 X ey/ey S, or its recip- 
rocal, gives approximately the 5 to i ey ratio expected with 
random segregation and no chromosome elimination or gamete 
competition (Fig. 91). In this case there is no crossing over 
between the eyeless locus and the centromere. With no mortality 
the cross -{-/-{-/ey X +/+A)' should give a phenotypic ratio of 
35 4" ^ ^y- The tetra-4 individuals die, however, and the 

observed ratio approximates the 26:1 ratio expected on this 
basis. 

ITon-random Segregation. — ^The above discussion assumes that 
the segregation of the three homologs in a triplo-4 % is entirely 
random. While this is sometimes true it is not necessarily so. 
Sturtevant has found that there are systematic deviations from 
randomness in the segregation of fourth chromosomes in triplo-4 
females and, furthermore, that individual fourth chromosomes 
{i.e., those derived from a common source) have specific and 
predictable properties with respect to their behavior in com- 
binations with other fourth chromosomes. The significance of 
the rather surprising relation found here is not fully under- 
stood. 

Haplo -4 in Drosophila.— Monosomic-4 or haplo-4 individuals 
of Drosophila differ phenotypically from wild-type in a charac- 
teristic way. They are smaller, weaker, develop more slowly, 
have slightly roughened qres, and have short slender bristles (Fig. 
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92). A comparison of the triplo-4 haplo-4 types provides 
a good iliustration of the genic balance conception. The numer- 
ical proportion between fourth chromosome and other chromo- 
somes in a triplo-4 fly is 3:2 or, expressed as an index, 1.5, while 
that in a haplo-4 is 1:2 or 0.5. In other words, in terms of these 
indices, wild-type is 100 per cent greater than haplo-4, but 
triplo-4 is only 50 per cent greater than wild-type. It should be 
pointed out, however, that these simple relations almost certainly 
do not tell the whole story. They do, nevertheless, represent a 
general rule; the phenotypic effects of a specific duplication are 
less marked than are those of the complementary deficiency. 



Fig. 92. — ^Drosophila melanogaster. a, wild-type; b, haplo-4. Oogonial 
metaphase chromosome groups of such individuals are also shown. (From 
Morgan, *The Theory of the Gene/’ Yale University Press.) 


The deficiency of an entire fourth chromosome in hapIo-4 is 
roughly equivalent to a deficiency in a segment of equal length in 
one of the other three chromosomes. The genetic effects are cor- 
respondingly similar. A cross of a diploid fly carrying any fourth 
chromosome recessive, to a haplo-4 individual, results in the 
appearance of the recessive character in the Fi generation in all 
haplo-4 2;ygotes. In such instances it often happens that the 
recessive character is more extreme than in a homozygous recessive 
diploid. This illustrates another general rule applicable to sec- 
tional deficiencies as well as to whole chromosome deficiencies — 
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in combination with any allele of a specific gene, a deficiency gives 
a phenotypic effect at least as extreme as that of the most extreme 
known allele of the gene concerned. 

NON-DISJUNCTION OF THE X CHROMOSOMES 

Turning to the rather special case of the X chromosome of 
Drosophila, it is found that about one egg in 2,500 receives two 
instead of one X chromosome from- the mother. A non-disjunc- 
tional egg of this type may be fertilized by either an X or a Y 
sperm. The former gives a tripIo>X individual, the latter an 
]SQCY female. The frequency of XXY exceptional females will, 
of course, be one-half the frequency of XX eggs or about i in 
5,000. The triplo-X individual is a weak sterile female which 
usually dies before emergence. Because of its bearing on the 
question of sex determination this type will be discussed further 
in Qiapter XVI. The complement of an XX egg is a no-X egg. 
Such an egg, fertilized by a Y sperm, gives rise to a zygote that 
dies very early in the egg stage. Fertilized by an X sperm, a no-X 
egg gives an XO male with the sex-linked genes of the father. 
This type is comparable to a monosomic type, but, because of the 
peculiar properties of the X and Y chromosomes, is develop- 
mentally very similar to a normal male. It is, however, invariably 
sterile. It should be emphasized that the sterility of XO males in 
Drosophila is not a general rule for all animals. It will be re- 
called that the XO condition is usual in the males of some species. 
The frequency of no-X eggs is about one in 600 (this will mean 
a frequency of exceptional males of about one in 1,200), or about 
four times that of XX eggs. This difference is evidently due to 
the fact that failure of one of the X chromosomes to be included 
in a daughter nucleus at the first division is a more frequent 
deviation from normal than is the inclusion of both X’s in a single 
daughter nucleus, 

Betectioii of Non-disjunctioiial Types.— These exceptional 
matroclinous females and patroclinous males, known as non-dis- 
junctional exceptions, are of course readily detected genetically if 
the female that gives rise to them is homozygous for sex-linked 
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recessives for which the male parent carries a dominant allele. 
Thus in the mating of w/w 2 X + ^ normal daughters are 
^/w and the normal sons are The non-disjunctional daugh- 
ters will be w/Wj or white eyed like the mother, and the excep- 
tional sons will be or red eyed like the father. The exceptional 
daughters, unlike normal females, will have a Y chromosome. 

XXY 5 X XYd' 



SPERMS WIT 

FREQUI 

X 

I 

H RELATIVE 

iNCIES 

Y 

1 

NCIES 

XXX 

2 

USUALLY DIES 

XXY 

2 

EXCEPTIONAL^ 

u 

I Y 

u. 2 

XY 

2 

EXCEPTIONAL a* 

YY 

2 

DIES 

“ XY 

f 23 

5 

XXY 

23 

REGULAR J 

XYY 

23 

REGULAR cf 

lO . ' 

^ X 

23 

^1 

XY 

23 

REGULAR <f 


Fig. 93.— Diagram showing the ojffspring produced by an XXY female (/.e., 
secondary non-disjunction) . 

That they are females without detectable phenotypic differences 
from normal in spite of the presence of the Y, demonstrates again 
the relatively passive rdle played by the Y chromosome. 

Secondary Non-disjunction. — If an exceptional white eyed 
female obtained as described above is again mated to a normal 
male it is found that about 4 per cent of her daughters are excep- 
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tional, Le,, w/w, and that likewise about 4 per cent of her sons 
are exceptional. The frequency of non-disjunction is many times 
higher than that in normal females. This increase is due to the 
presence of the Y chromosome. In contradistinction to non-dis- 
junction in an XX female, which is called primary non-disjunc- 
tion^ ihh type of segregation in an XXY female is known as 
secondary non-disjunction. The types obtained from a white 
eyed XXY female mated to a normal wild-type male are indicated 
in figure 93. In addition to the types already discussed it is seen 
that one new type appears, namely, an XYY male. This has been 
identified cytologically, and is known to be a normal male in no 
way distinct from an XY male, except for the presence of the 
extra Y chromosome which is transmitted to the descendents as 
expected. The interpretation has been checked further by show- 
ing by breeding tests that all exceptional daughters are XXY and 
that, among regular daughters, XX and XXY individuals occur 
with approximately equal frequencies. The presence of XXY, 
XXX, as well as the XYY male already mentioned, have been 
demonstrated by Bridges by direct cytological examination. 

Frequency of Secondary Non-disjunction. — ^Breeding tests of 
secondary exceptional females from XXY mothers which were 
heterozygous for several sex-linked genes show that the X chro- 
mosomes that go together to one pole are practically always non- 
crossovers. Regular offspring, on the other hand, show approx- 
imately the normal frequency and distribution of crossovers. 
These facts tell us at once that crossing over must be intimately 
related to disjunction in XXY females. In order to discuss fur- 
ther the nature of secondary non-disjunction, it will be convenient 
to make use of simple formulae for relating gametic and zygotic 
frequencies of non-disjunctional types. This is necessary Because 
of the fact that XX and Y eggs are not recovered as viable zygotes 
when fertilized by X and Y sperm respectively. Letting p equal 
the proportion of XX- Y segregation (non-disjunction for the 
X’s), and q the proportion of exceptional types among viable 
zygotes, it can be seen by examination of the relations shown in 

figure 93 that q = — E— and that p = .—3 

2^p ^ I 4.q 
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Examining the consequences of random formation of a bivalent 
(XX and Y or XY and X) at metaphase, we see that the fre- 
quency of these will be % XY and X to H XX and Y. The XY 
conjugation will give XX-Y and XY-X segregation with equal 
frequencies while XX conjugation will give XY-X segregation 
only. The proportion of XX-Y segregation (p) on this basis will 
then be 0.33 and the frequency of exceptional zygotes will be 

0.2 (q= or 20 per cent. From this we might 

1.67 

assume that XY conjugation occurs enough less than two-thirds 
of the time to account for the observed frequency of non-disjunc- 
tion. As will become evident from considerations discussed 
below, however, this hypothesis is inadequate to explain the facts. 

Inversions and Secondary Fon-dis junction. — An XXY female 
in which one X chromosome carries an inversion shows rn in- 
crease in the frequency of secondary non-disjunction over controls 
homozygous for the normal sequence. The magnitude of this 
increase varies with different inversions. The inversion known as 
”delta-49*' (an arbitrary designation) gives a frequency of non- 
disjunctional zygotes of about 45 per cent, a value higher than 
for any other inversion so far studied. This corresponds to a 

gametic frequency of about 62 per cent ^p Obviously 

this is higher than is possible with random formation of a bivalent 
and a univalent. With XY conjugation occurring with a fre- 
quency of 100 per cent, followed by random segregation of the 
univalent X, XX-Y segregation would be expected 50 per cent of 
the time. This would mean a frequency of zygote exceptions of 
33.3 per cent— less than the observed value for an XXY delta-49 
heterozygote. A calculation of the frequency with which non- 
exchange X chromosome tetrads occur in such an XXY delta-49 
heterozygote indicates that most, if not all, of these must give 
XX-Y segregation to account for the 45 per cent of observed 
exceptional zygotes. The point of all this is that segregation is 
not random but must somehow be closely related to crossing over. 
The assumption that exchange X-tetrads in XXY females always 
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result in XY-X segregation, and that non-exchange XX tetrads in 
such individuals always result in XX-Y segregation is consistent 
with the known facts. Why this should be so, if it is— and it 
should be emphasized that the assumption may be incorrect- 
remains unexplained. The general proWem of the mechanism of 
secondary non-disjunction is unsolved. 

Aberrations as Proof of Chromosome Theory. — ^The several 
examples of aberrant chromosome behavior discussed in this chap- 
ter are of historical importance in that they provided convincing 
proof of the correctness of the chromosome theory of heredity. 
Non-disjunction of the X chromosomes of Drosophila, for exam- 
ple, was deduced from purely genetic results at a time when many 
biologists were loath to accept the chromosome theory. Bridges' 
direct cytological observations of the predicted chromosome con- 
stitutions served to remove most of the remaining doubts as to the 
correctness of this theory. 
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Problems 

I. The twelve trisomic types in Datura stramonium are given names. 
The "pointsettia'* type has three homologs of the chromosome 
^ a gene differentiating purple and white flowers 

— ^white is recessive). Assuming that the extra chromosome 
^ to 50 per cent of the offspring through the 

female gametophyte and to none through the pollen, and that 
there is no crossing over between w and the centromere, what 
ratios would the following give: 
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W +/+/“' X 

{b) w/w X 

(^) +/^/^ X 

w/w X -\’/w/W 

(Note: The symbol used here is not the usual one used for 
this gene. It is used here for the sake of consistency.) 

2. Making the same assumptions regarding transmission of the extra 
chromosome as for Datura, what ratios would you expect in 
maize from the following crosses involving trisomic 9: 

(^) +/+/^^ X .+/+/^^ 

[h') -\-/^/wx X -\-/wx/wx 
(c) -\‘/wx/wX X -{-/wx/wx 



What ratio would you expect in the mature pollen from a 
-\-/-\^/wx? (All pollen, n and n + i, appears to be normal.) 

3. With a transmission ratio of 30 per cent for trisomic 9 of maize 

through the female gametophytes (/>., 30 per cent of the off- 
spring of the cross trisomic X normal are trisomic), what ratio 
of -b to IV X would you expect from: 

{a) -\-/-\-/wx X wx/wx 

(^) X 

(r) /wx/wx X wx/wx 

(Note: Crossing over between wx and the centromere is so in- 
frequent that it may be disregarded. ) 

4. Having available 12 strains of Datura in each of which there is a 

different one of the possible trisomic types present, outline how 
you would go about determining the chromosome in which the 
locus of a new recessive mutation is carried. 

5. By means of a checkerboard, work out how a 26:1 ratio is obtained 

in Drosophila by crossing two triplo-4 individuals of the con- 
stitution 

6. What ratio of triplo-4 to diplo-4 to haplo-4 would you expect in 

Drosophila from the mating triplo-4 female by haplo-4 male. ^ 

7. XXY females of Drosophila of a certain constitution gave 40 per 

cent of non-disjunctional zygotes. What percentage of non-dis- 
junctional gametes does this correspond to? 

8. Starting with XXY females of Drosophila in which each X chro- 

mosome carries a white allele, how would you go about getting 
XXY females homozygous for the eosin {w^') allele of the white 
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gene? From these how would you proceed to get XXY females 
homozygous for the two sex-linked genes scute (jc) and minia- 
ture (w?)? 

9. By means of genetic tests, how can XY and XYY males be dis- 
tinguished from each other? 

10, How would you correlate the fact that the X chromosome of D. 
pseudoobscura is about 180 map units long with the fact that 
XXY females in this species give almost no non-disjunctional 
gametes? 


CHAPTER XVI 


THE DETERMINATION AND DIFFERENTIATION 
OF SEX 

Heterozygous Male Type. — ^The type of sex-determination that 
depends on an unpaired chromosome, or an unequal pair, in the 
male has been discussed in earlier chapters as occurring in man 
and in Drosophila. This same type -is characteristic of mammals 
in general, of many orders of insects {e,g., Orthoptera, most Hem- 
iptera, Coleoptera, Diptera), of nematodes, of some fish, and of 
several other groups of animals, as well as of a few seed-plants. 



Fig. 94. — ^Feather from a Barred Plymouth Rock fowl. 

Heterozygous Female Type.— In some groups— birds, moths 
and butterflies, some fish, and perhaps other forms — essentially the 
same system is found, except that here the unequal pair occurs in 
the female. One of the best known cases demonstrating this re- 
lation is that of the inheritance of the barred pattern in fowls. 
The familiar Barred Plymouth Rock breed has feathers with suc- 
cessive transverse bars of black and white (Fig. 94) . This pattern 
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is due to a dominant gene, B. If crosses are made between a 
barred and a black strain, the following results are obtained: 

P — barred 5 X black $ black $ X barred $ 

Fi — black s 5 , barred $ S barred 2 2 , barred $ $ 

I’ I barred 2 r barred $ 
black 2 I black £ 


j I barred 2 2 barred 3 

I black 2 


It is clear that these results are like the ones to be expected 
from a dominant sex-linked gene in Drosophila — except that the 
sexes are reversed in every case. The interpretation is in agree- 
ment with this. The female is found cytologically to have an 
unequal pair of chromosomes (Fig. 95), and the larger member 



Fig. 95.— Diploid chromosome groups of the fowl. Male at left, female at 
right. The Y is the smallest chromosome; the long chromosomes labelled "L” 
include a: pair of autosomes and two X’s (in the male) or one (in the female). 
(After Shiwago.) 

of this pair is represented twice in the male. This large chromo- 
some is sometimes called X, the smaller mate, Y; another con- 
vention is to use the letters Z and W. The choice between these 
is a matter of taste; the former seems to us rather less confusing. 

The formulae then are: 2 = XY, 3 =XX. In the cross 
shown above, each Fi female gets her single X from her father, 
and this determines whether she is barred or black— ^.c., the gene 
B lies in the X chromosome. Since the Fi males all get an X 
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frorn each parent, their barred plumage is due to the dominance 
of JB over the -f- allele present in the black strain. Analysis 
shows that the F2 results are in agreement with this interpretation. 
It will be noted that one can conclude that the Y is without 
influence here; this is a general rule in sex-linked inheritance in 
birds and Lepidoptera, just as is the similar conclusion with 
respect to the Y in insects and mammals— though exceptions are 
known in both types. 

Historical Relations. — ^There is a curious historical relation 
here. The Drosophila type of sex-determination was discovered 
first, and was demonstrated cytologically in a wide variety of 
animals before the corresponding type of sex-linkage was recog- 
nized; the bird type of sex-linkage was found before the cor- 
responding chromosome picture, as the table shows: 



Cytological demonstration 

Sex-linkage 

Drosophila type 

Stevens, 1905 

Morgan, 1910 

Bird type 

Seiler, 1913 

Doncaster and Raynor, 1906 


Thus, from 1906 to 1910, one type was known cytologically, 
and was known to occur in many different groups of animals, 
while the other type was known through sex-linkage in birds and 
moths and was therefore also supposed to be of general occur- 
rence. This apparent contradiction came at a time when the 
chromosome interpretation of heredity was just beginning to 
develop rapidly, and there can be no doubt that this development 
was greatly retarded by the skepticism aroused by such a glaring 
discrepancy. 

Heterozygous Sporophyte Type.— There is another type of 
sex-determination that rests on the segregation of an unequal pair 
of chromosomes. In this type, found in the Bryophytes (mosses, 
liverworts) , the conspicuous phase, in which the sex is developed, 
is the haploid one— the gametophyte. Male and female plants 
differ in a single chromosome (Fig. 96); both are present in the 
fertilized egg. Meiosis leads to the formation of four haploid 
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spores; of these, two have the large chromosome ("X”) and 
develop into females, while two have the small one ("Y”) and 
develop into males. Here, as in some other cases already referred 
to, it is possible to demonstrate directly that segregation occurs at 
the meiotic divisions. 

These three systems of sex-determination — ^heterozygous male, 
heterozygous female, and heterozygous sporophyte — are the only 



Fig. 96. — Chromosomes of Sphaerocarpos. Female at left; the largest chro- 
mosome is the X. Male at right; the smallest chromosome is the Y. (After 
Allen.) 

ones that regularly and automatically lead to the production of 
equal numbers of males and females. There are, however, several 
other mechanisms, which give variable sex-ratios. 

HAPLOID MALE TYPE 

One such system is that in which the female is diploid, the male 
haploid. This occurs in the Hymenoptera (bees, wasps, ants, 
sawflies, etc.), thrips, a few of the Homoptera (white-flies, some 
scale-insects), at least some of the mites, and probably in rotifers. 
The first example studied in detail was that of the honey-bee, for 
which ''Dzierzon^s rule” was propounded many years ago: fer- 
tilized eggs give rise to females, unfertilized ones to males. As 
applied to Hymenoptera in general, and apparently even to some 
races of honey-bees, this rule requires some revision; for females 
may at times arise from unfertilized eggs— there are species in 
which males are almost completely absent, and others in which 
they occur only in alternate generations. Parthenogenetic devel- 
opment may occur after the formation of only one polar body and 
no reduction in chromosome number (giving rise to a diploid 
female), or with two polar bodies and chromosome reduction 
(giving rise to a haploid male) . The former occurs only rarely 
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in the honey-bee, so that Dzierzons rule is, for all practical pur- 
poses, valid there. 

Meiosis in Haploid Males.^The haploid males produced in 
the forms under discussion give rise to haploid sperm. Meiosis is 
unable to proceed as in a diploid, since the chromosomes are not 
present in pairs. There are usually two divisions like the meiotic 
ones; but at the first one the nucleus does not divide, and a non- 
nucleated bud is pinched oif from the cell (Fig. 97) . The second 
division of the nucleated cell is usually a normal equational 
division, resulting in the formation of two haploid spermatids 
which differentiate and thus give rise to two functional sperms 
from each primary spermatocyte. (The honey-bee is exceptional 



Fig. 97. — ^Diagram of meiosis in a haploid male Hymenopteron. The first 
division occurs with the nuclear wall still intact, and results in the pinching off 
of a fragment without a nucleus. The second division is a normal equational 
one. The time at which chromosome division occurs is not definitely known; 
the figure arbitrarily shows it as happening between the metaphases of the first 
and second divisions. 

in that the second division results in one functional and one 
abortive— though nucleated — spermatid). 

In most Hymenoptera, eggs usually go through two polar body 
divisions, and thus contain haploid nuclei. It is certain that such 
an egg, if unfertilized, may develop into a male; if it is fertilized 
the diploid number is restored and a female develops. 

Genetic Results of Haploid Male Condition. — It will be seen 
that in these animals all the chromosomes have the same kind of 
descent as do the X's of Drosophila or of man; every male gets all 
his chromosomes from his mother (since he has no father), every 
female produced from a fertilized egg gets a set of chromosomes 
from each parent. All genes accordingly show the same type of 
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transmission as do the sex-linked genes of Drosophila. This has 
been shown especially by Whiting and his co-workers, who have 
studied the wasp-like parasite, Habrobracon. 

Genetic Basis of Haploid Male Type — ^The difference between 
male and female in Drosophila depends on the fact that one has 
a single X, the other has two. Is the sex of Hymenoptera, then, 
determined in a similar way.^ We shall see later in this chapter 
that there is reason for suspecting that a haploid Drosophila 
would be female; and Whiting has shown that it is possible to 
obtain males of Habrobracon that are diploid throughout; we are, 
therefore, forced to conclude that the type of sex-determination is 
essentially different in the two groups. 

The interpretation to be given to the occasional diploid males 
found in Habrobracon is still uncertain; but the most probable 
view seems to be that suggested by Snell. There are a series of 
independent loci, in different chromosomes, say A, B, C, D, etc., 
of such a nature that heterozygosis in any one or more of them 
produces a female; lack of such heterozygosis (Le.j either hap- 
loidy or complete homozygosis) produces a male. There are 
enough of these loci, and ordinary strains carry separate alleles in 
enough of them, so that the chance of getting a complete homo- 
zygote a diploid male) is extremely small. Inbreeding auto- 
matically decreases the heterogeneity; and the fact is that diploid 
males occur in appreciable numbers only after inbreeding has been 
practiced. 

Diploid males have not yet been found in the other organisms 
in which the males are normally haploid; it remains uncertain 
whether the Habrobracon system applies to them or not. 

HERMAPHRODITISM 

Bonellia.^ — Another type of sex-determination is illustrated by 
the marine worm-like animal Bonellia (Fig, 98) . In this form 
the male is about % 00 the length of the female, and during the 
sexual phase of its life lives in the uterus of the female. Here 
there appears to be no genetic control of sex; the embryos are 
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free-swimming organisms, and their sex is not determined. The 
decisive event occurs when a free-swimming larva settles down and 
undergoes further development. As shown by Baltzer, a larva 
that happens to settle down on the proboscis of a female develops 



Fig. 98.— Bonellia. Female at left, with male in the uterus. At right, male, 
greatly magnified. (After Baltzer and others.) 

into a male and later migrates to the uterus of the female; a larva 
that settles down by itself, on the sea bottom, develops into a fe- 
male. That is, sex is determined by extrinsic factors, not by genetic 
differences among the larvae. These larvae may be thought of 
as potential hermaphrodites; in any case, each one has the neces- 
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sary genetic constitution that enables it to develop into either sex, 
given the appropriate external stimulus. 

Sex Reversal. — In the usual Drosophila or bird type of sex- 
determination, it is evident that each sex has present in it all the 
genes that are present in the other. Since it can be shown that the 
Y is not essential (at least in many species), the only significant 
differences between the male and the female chromosome com- 
plexes are quantitative — a given chromosome (X) is present 
either once or twice. It is, therefore, not surprising that occa- 
sional cases are on record in which this quantitative difference has 
been overruled. In fowls, for example, several individuals have 
been described (the most convincing one by Crew) in which an 
individual, after functioning and producing offspring as one sex, 
has then gradually transformed into the opposite sex and func- 
tioned as such. 

Bonellia may be thought of" as an extreme case of the more 
usual condition, where each embryo has all the genes necessary 
for the production of either sex. In the familiar forms the 
dosage relations determine which sex shall develop, and only 
rarely is this genetically determined direction overridden by ex- 
ternal agents; in Bonellia there is no genetic determination, and 
external agents always determine the direction. There are many 
other forms in which both potentialities are not only present in 
the embryo, but are realized in the adult. Most seed-plants are 
functional hermaphrodites, as are also many animals^ — earth- 
worms, sponges, many snails, etc. In these forms there is no 
sex-determination, in the sense in which we have been using the 
term, because there is only one sex — ^the hermaphrodite. 

Sex in Maize.— Maize is a hermaphroditic (/.^., monoecious) 
species, the anthers in the tassel being male organs and the pistils 
in the ear female ones. There exist mutant genes that alter these 
relations: ba (barren stalk) is a recessive that eliminates the ears, 
thus making ba ba plants males; Tsz and ts^ (^'tassel-seed'* — one 
dominant to the normal condition, the other recessive) cause the 
tassels to produce pistils instead of anthers. The following types 
may be produced: 
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+ 

/j*2 - 

- normal tassels, no ears— 

-male 

tS*2 

tS 2 ba ba — 

- pistillate tassels, no ears- 

—female 

+ 

bu bd — 

- normal tassels, no ears— 

-male 


bd bu — 

— pistillate tassels, no ears- 

— female 


Either of these pairs produces fertile strains, that breed true to 
the dioecious condition. That is, a hermaphroditic plant has been 
transformed to a dioecious one by the introduction of two mutant 
genes; also, there are two ways of doing this, of which one gives 
hetero2ygous males, the other hetero 2 ygous females. 

Fish.- — It is possible that a somewhat similar situation exists in 
certain fishes, where it has been shown that closely related forms 
may differ in respect to whether the male or the female is hetero- 
2ygous for sex-determining genes. It should, however, be pointed 
out that the maize example fails in one respect to furnish a com- 
plete parallel to the situation found in Drosophila and in fowls. 
In the latter forms the heterozygous sex is effectively haploid for 
the chromosome pair concerned, the Y chromosomes being of no 
importance; in the maize examples, the analogues of the Y are 
dominant genes on which the whole stability of the system de- 
pends. There have been many speculations concerning the origin 
of the Drosophila and the bird systems, and their historical rela- 
tionship to each other. The origin of the “inert’' Y has likewise 
been much discussed in connection with these questions. No clear 
solution of the questions involved is yet apparent; but these arti- 
ficial dioecious strains of maize at least serve to suggest some pos- 
sibilities. 

INTERSEXES 

In many dioecious species strains have been found that produce 
specimens, called intersexes, that are intermediate between typical 
males and females. These are not functionally hermaphroditic, 
and they differ from gynandromorphs in that they are not made 
up of a mixture of typically male and female parts; they are true 
intermediates. Study of the inheritance of intersexuality and of 
the development of intersexes has contributed much to current 
knowledge of the mechanism of sex-differentiation. 
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Intersezes in Drosophila. — ^Perhaps the dearest case is that 
which Bridges has studied in Drosophila melanogaster. Here 
the intersexes appear among the offspring of triploid females— 
i.e., females that possess three complete sets of chromosomes. 
Such females are very similar to diploid females, but with practice 
may be distinguished by their more ' robust appearance, heavier 
bristles, and (as Dobzhansky has shown) by the larger size of 
the cells resulting in more sparse distribution of the minute hairs 
on the surface of the wing. That such females are in fact triploid 
(usually denoted as 30, n being the designation for one complete 
haploid set of chromosomes) has been shown by cytological study. 
Their origin is to be referred to the occurrence, in a diploid fe- 
male, of a chromosome division without a separation of the 
products into two nuclei. Such a process, occurring in the germ- 
line at a mitotic division, will give rise to an island of tetraploid 
(40) tissue, from which will arise diploid mature eggs as a result 
of meiosis; if the aberrant division is a meiotic one a diploid egg 
will result directly. If such a diploid egg is fertilized by an 
X-bearing sperm, the result will be a triploid female. Such a 
series of events does not occur with a predictable frequency; but 
new occurrences of triploids from diploid parents have been 
detected many times. 

Segregation in Triploids. — ^Triploid females lay many eggs; 
when they are mated to normal diploid males a great many of 
these eggs contain embryos that die in early stages, but the re- 
maining ones develop into a variety of adult offspring. Study of 
these viable types shows, as will appear below, that meiosis in the 
triploid results in equal numbers of eggs with two X’s and with 
one, with two second chromosomes and with one, etc.^ — ^just as in 
the case of the trisomic types already described. The separate 
chromosomes do not all behave in the same way in any one ceil — 
i.e., an egg may receive two X’s and only one second chromosome. 
Np offspring are produced with one second and two third chromo- 
somes, or with two seconds and one third; there can be no doubt 
that such eggs are formed, and give rise to a large proportion of 
the inviable zygotes that are known to be present. Neglecting 
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the dot»like fourth chromosome for the moment, the mature eggs 
that give viable zygotes are of four kinds: designating one second 
and one third chromosome by the symbol A (for autosomes), 
these four types may be written: 

aX aA 
iX lA 
aX lA 
iX zA 

The two types of segregation concerned here do not occur equally 
frequently, that producing the third and fourth types of eggs 
being about twice as frequent as that producing the first and 
second. The reason for this inequality is not known; it is con- 
venient to remember that the more frequent type is the one that 
gives more nearly equal numbers of chromosomes at the two 
poles. 

Offspring af Triploids.— The various zygotic types produced 
when these eggs are fertilized by the sperm of a normal diploid 


male are 

shown in the following table: 


Sperms 



iX lA 

lY lA 

Eggs 



2X aA 

3X 3 A, triploid female 

aX lY 3A, intersex 

iX lA 

aX a A, diploid female 

iX lY aA, male 

aX lA 

3X aA, super-female 

aX lY 2 A, diploid female 

iX aA 

aX 3 A, intersex 

iX I Y 3 A, super-male 


All these types have been identified both genetically and cyto- 
logically. 

The triploid females are like their mothers, both phenotypically 
and in genetic behavior, and may be used to continue the strain. 
By the use of mutant genes it is possible to demonstrate genetic- 
ally that each of them receives two whole sets of chromosomes 
from her mother, one from her father. The two kinds of diploid 
females, one with no Y and with one X from each parent, the 
other with a Y and with two X*s both derived from triploid 
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mother, may be distinguished genetically by the use of mutant 
genes; e g., if the father is bar, the mother not-bar, the first type 
will have broad (/,e., heterozygous) bar eyes, the second will be 
wild-type. Genetic tests show, as expected, that the second type 
gives secondary non-disjunctional offspring (due to the presence 
of a Y) ; the first type does not. The diploid males are normal. 




Fig, 99, — ^Triploid mtersex of Drosophila melanogaster. At left, ventral 
surfaces of abdomens of female-like (above) and of .male-like (below) inter- 
sexes. At right, metaphase chromosome group of an intersex. (After Bridges, 
from Morgan, 'The Theory of the Gene,'" Yale University Press.) 

both phenotypicaliy and genetically. It can be shown that each 
receives his X fronni his mother. 

Intersexes — ^The remaining four types of individuals are the 
ones of most interest in the present connection. All of them are 
sterile, but their constitutions have been determined both by 
cytological study and by the usfe di mutant genes as markers. The 
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two forms with the formula 2X 3 A, one with a Y, the other 
without, are phenotypically indistinguishable. They are not all 
alike, but all are typical intersexes — Shaving both male and female 
characteristics (Fig. 99). The ''sex-combs'' on the front leg are 
usually present (normally present in males, absent in females) ; 
the gonads are usually either rudimentary testes or ovaries, some- 
times intermediate organs, sometimes one ovary and one testis; 
the ducts and external genitalia may be either male or female, or 
may be mixtures of the two. Examination of the chromosome 
formula for these specimens shows that they have the two X's 
characteristic of normal diploid females, but differ from them in 
having an extra set of autosomes. The autosomes are the same as 
those of triploid females, but there is one less X present These 
relations indicate that the relative amounts of X and autosomes 
are responsible for the intersexual phenotype. One may surmise 
that the X influences development in the female direction, the 
autosomes in the male direction — ^which is evidently consistent 
with the fact that addition of a single X to the composition of a 
normal diploid male gives the formula for a diploid female. 

Ratio of X to Autosomes Assuming that the effective element 

is the ratio betwen the number of X's and the number of sets of 
autosomes, we have the following relations: 


Type 

Formula 

Ratio X/A 

Super-female 

3X aA 


Triploid female 

3X 3A 

1.0 

Diploid female 

2X 2A 

I.O 

Intersex 

2X 3A 

0.67 

Male 

iX 2A 

0.5 

Super-male 

iX 3A 

0^33 


Supersexes. — ^The table shows the reasons for the names given 
to the types super-females and super-males. Both of these are 
sterile and poorly viable types (we have already referred to the 
super-females in connection with non-disjunction — ^they are most 
easily obtained from attached-X mothers). They have the essen- 
tial structures, both internal and external, of females and males, 
respectively (Fig. 100), They are, in fact, super-sexes by com- 
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position rather than by phenotype. Their structures do not, how- 
ever, contradict the general scheme just outlined. 

Other Types.— A few other types are also knowm, being ob- 
tainable by special and rather laborious methods. Occasionally 
tetraploid females (40 = 4X 4A) are produced; they are fertile 
and phenotypically nearly normal females — as expected from 
their X/A ratio of i.o. The two types 4X 3 A and 3X 4A have 
been seen; the first resembles superfemales (X/A = 1.33), the 
second is an intersex (X/A = 0.75), but too little is known 
about them to judge as to whether they are phenotypically dis- 
tinguishable from other super-females and intersexes, respectively, 



Fig 100.— a, superfemale of Drosophila melanogaster, with chromosome group 
(b) ; c, supermale. (From Bridges.) 


on the basis of their sexual characters alone. All these types are 
consistent with the rule: If the ratio X/A is i.o or greater, the 
individual is a female; if it lies between about 0.6 and 0.8, the 
individual is an intersex; if it is 0.5 or less the individual is a 
male. 

It is not likely that the effective relation between X’s and 
autosomes is as simple as implied in the use of the ratio, but as 
a first approximation this relation does serve to interpret the 
results. It will be seen that it leads to the expectation that a 
haploid individual would be female (in =tX lA, X/A = 1.0). 
There is some evidence suggesting that haploid sectors of mosaics 
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are in fact female; but this evidence is not •wholly convincing. 
The question can not be considered finally settled. 

Number of Sex Genes.— The analysis has been carried through 
in terms of X s and sets of autosomes as whole units. It remains 
to examine the question, whether two or many genes are con- 
cerned. One limitation has already been made; we have specified 
that is to be taken as meaning one second and one third 
chromosome, the dot-like fourth being neglected. This is because 
most triploid strains have only two fourth chromosomes, the third 
one that was originally present being usually lost by chance after 
a few generations. The indications are that it makes little differ- 
ence to the phenotype or fertility of a triploid female, whether 
she has two or three fourth chromosomes; apparently, though less 
certainly, the phenotype of an intersex is likewise unaffected. 

In the case of the X, the results of Dobzhansky and Schultz 
show that many genes are concerned. They studied the effects of 
adding, separately, a series of duplicating fragments of X chromo- 
somes to the 2X 3 A constitution of intersexes. Any such frag- 
ment, from any part of the X, appears to shift the grade of inter- 
sexuality toward femaleness; and the extent of the shift is roughly 
proportional to the size of the fragment. The X, therefore, 
carries a series of different genes that influence development in 
the direction of femaleness; presumably it also carries genes work- 
ing in the male direction, but the balance of any section is likely 
to be toward femaleness. Less direct evidence suggests that there 
are also many ‘'male” genes in the autosomes. These results, 
then, lead to the conception that the individual is the resultant of 
a balance among the effects of a whole series of genes, which, 
individually, influence development in many different directions. 

Turniug Point.— Dobzhansky and Bridges have studied the de- 
velopment of the intersexes of Drosophila. They find that inter- 
sexes Start development as males; at a given moment (perhaps not 
the same moment in every part of an individual) the development 
shifts to that characteristic of the female. Characters determined 
before this point are male, those determined after it are 

female. The grade of intersexuality then depends on 
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at which the turning point occurs; if it is early the intersex is 
female-like, if it is late the intersex is male-like. 

Intersexes in Plants. — ^Triploid intersexes similar to those in 
Drosophila are known also in the seed-plant Rumex, and in 
several Lepidoptera. In the latter case, since the female is the 
XY sex, triploids with three X's are males; otherwise the system 
is similar to that in Drosophila, so far as it is known. In mosses 
and liverworts diploid intersexes occur. The normal sexes are 
haploid — $ = iX lA, ^ = lY lA, intersex = iX lY 2A. 
It is not known what role the autosomes play here. 

Intersexuality in Lymantria. — ^Diploid intersexes are known 
in a number of animals. In some of these they are due to simple 
gene mutations. The best known example, however, is that found 
in the gipsy-moth, Lymantria dispar. This case, studied by 
Goldschmidt, is the one on which were originally based the term 
intersex, the idea of opposing male and female tendencies in 
development, and the demonstration of a turning point. In 
Lymantria the intersexes are produced as a result of crossing cer- 
tain geographical races. There are two opposing genes or sets of 
genes, F (female producing) and M (male producing) . These 
differ in "strength” in different races, and certain combinations 
result in intersexes. The genetic interpretation to be put on the 
concept of "strength” is uncertain — ^probably a series of multiple 
alleles is concerned, but modifying genes play a part that cannot 
yet be accurately estimated. "M” is carried in the X chromo- 
somes; the inheritance of "F” is uncertain. Goldschmidt shows 
that his experiments, designed to test this point, give contra- 
dictory results. In view of these uncertainties the case is not 
satisfactory for fuller desaiption here. 

Sex Differences and Development. — In some respects the study 
of the determination and development of sex appears to be the 
most hopeful way of analyzing the effects of genes on develop- 
ment; for the genetic basis is well understood, and the anatomical, 
embryological, and physiological knowledge of sex is perhaps 
more highly developed than is such knowledge for any other 
character. Urffortunately^ h|>wever, th^ genetic situation is com- 
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plex; male and female do not differ in a single gene, but in many 
of them. We shall consider in a later chapter the attempts to 
study developmental problems presented by single gene differ- 
ences. 
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Problems 

1. In the fowl, silver plumage is dominant to gold (brown) and is 

differentiated by a sex-linked gene. Give the results expected 
in Fi and F2 from a cross of silver female by gold male. Do 
the same for the reciprocal cross, gold female by silver male. 

2. What results would be given by a sex-linked lethal in the fowl? 

3. Strains of the moth Abraxas are known in which the Y chromo- 

some is absent; in others a Y is regularly present By means 
of diagrams indicate how the strain without a Y might be 
perpetuated. 

4. Grew reported a case in the fowl in which a hen, which had func- 

tioned as a female, became transformed into a functional male 
as a result of development of a testis from the right gonad 
following destruction of the ovary by disease. What sex ratio 
would be expected in a mating between a normal female and 
such a transformed individual.^ 

5. In some breeds of domestic sheep both sexes are horned, in others 

both sexes are hornless. The two conditions are differentiated 
by an autosomal pair of alleles. The horned condition is dom- 
inant in males but recessive in females. What results are ex- 
pected in the Fi and F2 from the two matings between breeds, 
horned ewe by hornless ram and hornless ewe by horned ram? 
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6. Assuming two pure stocks of Habrobracon (a parasitic wasp in 

which the males develop from unfertilized eggs and are hap- 
loid), one homozygous for two independent recessive mutant 
genes and the other wild-type, give the results for and F2 
in the two matings between the two stocks, a 'X + + ^ 
and -j — b ^ X ^ ^ ^ • (The sex ratio is, of course, not con- 
stant, since it depends on how many fertilized as compared with 
unfertilized eggs a female lays.) What would the expected re- 
sults be with genes a and b linked with 10 per cent recom- 
bination? 

7. In the liverwort Sphaerocarpos in which the gametophyte genera- 

tion is the conspicuous one, the four spores that are produced 
from a single spore mother cell as a result of the two meiotic 
divisions remain together in a tetrad. They may be separated 
and individual gametophytes obtained from them. What types 
of spore tetrads, with respect to the genetic constitutions of 
the spores that make them up, would you expect from a sporo- 
phyte heterozygous for sex and for an autosomal gene ? 

8. Work out the types expected in Lepidoptera from matings of 

diploid females by triploid males. 

9. What types of offspring are expected in Drosophila from the mat- 

ing of a triploid female with two X chromosomes attached, by 
a normal male? Do not attempt to work out their expected 
relative frequencies — ^the distribution of chromosomes is not 
random. Indicate which of the types have attached-X chro- 
mosomes. 

10. In the fowl, darkly pigmented connective tissue which can be 

identified by the external appearance of a bird (found in the 
Silky breed) is differentiated from normal by the simultaneous 
presence of an autosomal dominant gene and a sex-linked re- 
Gessive gene. What results are expected in the Fj. and F2 gen- 
erations from reciprocal crosses between individuals that differ 
in both these loci? 

11. It is extremely difficult to differentiate sexes in newly hatched 

chicks of the domestic fowl. In practice it is an advantage to 
be able to identify the sexes as soon as possible. Knowing that 
the sex-linked character barring can be classified immediately 
on hatching of chicks, outline a genetic method for separating 
males and females in young chicks. 



CHAPTER XVII 


OVERLAPPING PHENOTYPES, SELECTION, AND 
HYBRID VIGOR 

Continuous Variability — It is evident that many characters do 
not lend themselves to a classification into distinct groups. Such 
a character as height in man, for example, obviously varies con- 
tinuously over a wide range; it is not possible to draw any sharp 
distinction between tall men and short ones. It so happens that 
many of the characters that are of practical importance in the 
breeding of cultivated plants and domestic animals show this kind 
of continuous variation. Examples are furnished by rate of egg 
production in fowls, butter-fat percentage in the milk of dairy 
cows, or yield in crop plants. 

The inheritance of such differences as are met with in these 
cases cannot be studied directly by the methods discussed in 
earlier chapters. The very existence of such continuous vari- 
ability was formerly looked upon as a serious objection to the 
whole gene theory. It has been found, however, that there is no 
contradiction here; special methods of study are needed, but the 
principles involved are the same as those that apply to discon- 
tinuous variations. 

Interpretation of Continuous Variability.— We have already 
described (Chapter IV and elsewhere) a nixmber of examples in 
which more than one pair of genes are concerned in the deter- 
mination of a single character— coat color in rodents, or 
eye-color in Drosophila. In these cases the ntunber of gene-pairs 
segregating in a single experiment was small, and the phenotypes 
produced were sharply distinguishable; but neither of these rela- 
tions is a necessary one. 

It would be possible to build up a strain of Drosophila in which 
the eye-colors showed a practically continuous range from white 
to dark red, if one made the strain heterogeneous for a dozen or so 
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known pairs of alleles. If, in addition, there were no strains 
available that were homogeneous and that differed from each 
other by single genes affecting eye-color, the analysis of the nature 
of the mixed strain would be very difficult. 

This hypothetical situation is similar to the actual condition met 
with in many cases. Such examples usually arise as the result of 
long-continued selection— either natural or artificial. Many rela- 
tively slight mutant changes are present in heterozygous condition 
in most strains, and selection for extreme development of a given 
character is effective in piling up the more 'Tavorable'' alleles for 
all loci in which the strain is heterogeneous. In the hypothetical 
strain of Drosophila referred to above, selection would, in the 
course of time, enable one to produce true-breeding strains of 
either of the two extremes— red eyes or white ones — ^by accumu- 
lating, and gradually increasing the homozygosis of the alleles 
working in the desired direction; or, stated in words that are 
perhaps less misleading, by eliminating the alleles producing 
effects in the direction not desired. 

Ear Length in Maize. — One method of studying continuously 
varying characters is through the crossing of two relatively con- 
stant strains that differ from each other. An example is illus- 
trated in figure loi, from the work of Emerson and East on ear- 
length in maize. The short-eared parental race had ears ranging 
from 5 to 8 cm. in length, the long-eared one ranged from 13 to 
21 cm. The Fi plants had ears ranging from 9 to 15 cm. — i,e,, 
intermediate between the two parents, with a modal value of 12 
to 13 cm. and a variability little (if any) greater than that of the 
parental strains. In F2 the range was from 7 to 19 cm., the 
average lying close to that of the Fi plants but the extremes com- 
ing well within the respective ranges of the two parental strains. 
The characteristic result here is the great variability of F2 as com- 
pared with Fj. 

Genetic Basis of Ear Length — ^These results may be explained 
in terms of a number of pairs of alleles affecting ear-length. The 
parental strains differ in several such pairs, but each is relatively 
Homogeneous. The Fi plants are also relatively homogeneous. 
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but are heterozygous for all pairs of genes in which the parental 
races differed. The intermediate nature of the Fi may be inter- 
preted in either of two ways: perhaps the short-eared strain had 
some dominant alleles for shortness and some recessive ones in 
other loci, the long-eared strain having the corresponding reces- 
sive alleles in the first kind of loci, the dominant ones in the 
second kind; or, perhaps complete dominance is absent, the vari- 
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Fig. loi.—Frequenqr distributions for length of ears in maize. The hori- 
zontal axes represent centimeters, the vertical axes percentages of the four popu- 
lations shown, (Based on data from Emerson and East.) 

ous pairs of alleles giving intermediate heterozygotes. Presum- 
ably both kinds of relations occur, at different loci. 

On the second interpretation, that of lack of dominance, a 
single pair of alleles is sufficient to account for the diflPerences 
between the parental strains and the intermediate nature of the 
Fi; in that case, however, the F2 should be made up of i homo- 
zygous short to 2 heterozygotes to i homozygous long. The addi- 
tion of the two parental curves to twice the Fi curve should, then, 
give a good approximation to the F2 curve — an obvious disagree- 
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ment with the facts. It follows that more than one pair of alleles 
is segregating in the Fi plants. 

If two pairs of genes are concerned, dominance may be present 
in both loci, in one, or in neither. In the former case we may 
designate the two pairs as Aa, Bb, the two parental strains may 
be supposed to be AA bb (short eared), and aa BB (long eared). 
A is then a dominant gene for short ears, B is a dominant for 
long ears. The Fi, having both dominants, is intermediate. F2 
will consist of 

^ A B — intermediate 
^ A b — short ears 
^ a B — long ears 
1 a b — intermediate 

The observed relations are not consistent with this interpretation, 

but might be fitted by more complex ratios 

etc.). 

With two pairs of genes and no dominance — Le,, an inter- 
mediate heterozygote — ^the number of classes is greater. The 
expected ratio here is 1:2:1 :2:4:2:i:2:i. If we assume that the 
'long*' alleles in each locus are equally effective, as are also the 
"short’* ones, and that each heterozygote is exactly intermediate, 
the result becomes: 


Number of "long alleles” — 
relative ear length 



0 

I 

2 

3 

4 

Proportion of plants 

1/16 

4/16 

6/16 

4/16 

1/16 


The assumptions made here are not likely to be exactly realized; 
they can be adjusted to give a reasonably good fit to the data if we 
assume partial dominance at one or both loci, or unequal effects 
of the two loci. Such adjustments are purely arbitrary; all that 
can safely be concluded from the data as given is that more than 
onepair of genes influencing ear-length is segregating. ^ 

The F2 generation must include individuals like each of the 
parental strains, and in the case cited does include individuals 
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like the modal classes. There caa be no doubt that the failure 
to include the extreme parental classes is due to the relatively 
small size of the F2 family (401 plants). 

Number of Segregating Gene Pairs. — If the parental genotypes 
were capable of definite identification their frequency in F2 would 
enable one to estimate the number of gene-pairs segregating — ^two 
pairs would give each parental type in 3^6 of the F2 individuals, 
three pairs in %4, n pairs in ( % ) “. In the present case, however, 
as with most such characters, the variability of the parental strains 
is so great that their duplicates in F2 cannot be positively identi- 
fied. 

Numerous attempts have been made to develop methods of 
estimating the number of gene-pairs involved in crosses such as 
this. All such attempts, however, must yield unsatisfactory results 
because of one circumstance: there is no way of determining the 
relative phenotypic differences conditioned by the various gene- 
pairs involved; these may range from fairly large ones down to 
those which are at the limit of the sensitivity of the measuring 
system used. The slight differences will play little part in the 
result unless they are numerous, and will be practically impossible 
to estimate numerically — ^yet there is no reason to expect them to 
constitute a class sharply distinct from the gene differences with 
larger effects. In practice, most attempts to solve this problem 
have started with the arbitrary and improbable assumption of 
equal eflFects of all gene differences concerned. 

Determinatioii of Genotypes. — -There is one effective method of 
approach, however — ^viz., the study of the genotypical constitu- 
tion, rather than the phenotypes only, of the F2 individuals. If, 
in the case of ear-length discussed, it were possible to self each F2 
plant and rear an F3 family from it, one should be able to deter- 
mine what proportion repeated each of the parental curves, and in 
general to obtain more precise information regarding the com- 
position of the F2. The method has often been used, and has in 
many cases yielded satisfactory confirmation of the hypothesis of 
multiple genes. 

Non-genetic Variability.— Another question arising in connec- 
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tion with continuous variation may be illustrated by reference to 
figure loi: if the two parental strains are genetically homogene- 
ous, all individuals in each one having the same genotype, why 
does each strain vary in ear-length? Even in F2, there should be 
a definite number of separate genotypes, and one might expect a 
series of distinct phenotypes — one corresponding to each geno- 
type. It is, of course, obvious in everyday experience that such 
diaracters as size usually show no such relations; the number of 
classes obtainable is conditioned only by the smallness of the unit 
of measurement used. In the case of ear-length of maize it is 
easily observed that two ears borne on the same plant, and there- 
fore alike in their genotypes, will almost always be of different 
lengths if a small enough unit of measurement is used. This 
gives the clue to the solution of the problem raised; a single 
genotype need not give always the same phenotype. This conclu- 
sion is obvious, but must be kept constantly in mind, even though 
it amounts only to stating that organisms may be influenced by 
external conditions — such as food supply, temperature, moisture, 
or mechanical accidents. In most cases, however, it is not per- 
missible to attribute all the variability of the parental strains to 
environmental influences, since it is difiicult to produce parental 
strains that can safely be assumed to be homozygous for all genes 
affecting the character concerned. We shall return to this matter 
later in the present chapter. 

Transgressive Variability. — ^In the cross discussed above, the 
F2 generation did not include individuals more extreme than 
either parental strain. This is a usual relation, but not a neces- 
sary one. It will be found whenever all the genes favoring one 
extreme are present in one parental strain, all those favoring the 
other in the second parental strain. However, exactly the sanfip 
Fi and F2 might have been produced if some of the genes had 
been interchanged between the parental strains. In that case the 
parental strains themselves would have been less different from 
each other, and might well have included no individuals as 
extreme as some of those found in F2. Such examples of trans- 
gressive variability in F2 have been recorded. 
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Number of Offspring Like Parents, — If many genes are segre- 
gating, the most extreme classes in F2 may be rare— i in 4“ indi- 
viduals, where n is the number of gene pairs segregating, and 
where dominance is incomplete. As will be pointed out below, 
if linked genes are concerned the most extreme combination pos- 
sible with the given heterogeneity may not be attainable at all in 
F2. In any case, it is likely to require so large an F2 family, to be 
reasonably certain to obtain the most extreme types, that some 
other method must be adopted. The method used is that of 
selection. 

If four pairs of genes are segregating, the Fi may be repre- 
sented as A/a B/b C/c D/d. If the complete homozygote, 
a/ a b/b c/c d/df is the required extreme type it is evident that 
it will occur only once in an average family of 256 F2 individuals. 
Furthermore, because of non-genetic variability, one can not al- 
ways be certain of identifying individuals of the desired type. 
There will, however, be eight times as many individuals that 
carry only one dominant allele, and any one of these will readily 
produce the desired extreme in F3— in one fourth of its offspring 
if self-fertilization be carried out. 

SELECTION 

The same principle applies if, instead of an F2 generation, one 
starts from a population of mixed and unknown origin, where the 
various alleles are present ^ various proportions and combina- 
tions, In such a case, selection of the desired type of individuals 
will increase the proportions of the alleles that affect the character 
in the desired direction in the next generation. It may take a 
number of successive generations of selection to obtain the max- 
imum possible development of the character concerned, but this 
method will achieve the result more quickly than will random 
breeding; though in theory random breeding should in time pro- 
duce all possible combinations of the genes present in the original 
population. In practice, the number of individuals required to 
get the desired result in this way is usually so fantastically large 
that no breeder considers the possibility. 
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Number of Bristles in Drosophila— Figure 102 represents the 
results obtained in a typical selection experiment. MacDowell 
started with a strain of Drosophila in which occasional individuals 
had extra bristles. He selected, in each generation, those indi- 
viduals with most extra bristles as parents for the next generation. 
In this particular case, though not in others we might have used 
as examples, brother-sister matings were always used. The curve 
shows that selection was effective irj increasing the average number 
of extra bristles present, and further that the effectiveness was 
greatest in. the earlier generations. In the later ones the curve 
fluctuates so much as to suggest that much of the variability re- 



Fig. 102 . — The effects of selection for extra bristles in Drosophila. (From date 

of MacDowell.) 

maining after about five generations of inbreeding and selection 
was of environmental, rather than genetic, origin. The experi- 
ment was continued through 48 generations; the later generations 
do suggest diat further progress was made after the 13 shown in 
the figure, though so little that improvement in the technique of 
culturing the animals remains a possible interpretation. 

The slight increase in late generations of selection, just referred 
to, has been observed in a number of other selection experiments 
also; presumably in some, at least, of these instances it is due 
to the occurrence of new "favorable” mutations— which are to be 
expected occasionally. 
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Increasing Homogeneity,— If results such as these are due to 
sorting out and perpetuation of “favorable'’ genes already present 
in the population, the observed relations are the ones that are 
expected. There are several corollaries that were tested by Mac- 
Dowell. The degree of heterogeneity should constantly decrease 
in successive generations, since the effects of selection may be 
thought of as resulting merely in the elimination of genes that 
have effects in the “wrong” direction. Consequently, reversal of 
selection — Le., selection for low number of bristles— should be 
effective if started in early generations, ineffective if started 
in later ones. MacDowell found this to be true, as have other 
investigators using other material. The decrease in heterogeneity 
should also be detected in another way; so long as an appreciable 
part of the variability is genetic in origin, there should be a cor- 
relation between the numbers of bristles present in parents and in 
their respective offspring, if parents of diverse grades be tested. 
In fact, it was found that the parent-offspring correlations, at first 
rather high, gradually decreased to zero as the strain became more 
and more uniform in its genetic constitution. 

INBREEDING AND HETEROZYGOSIS 

Inbreeding itself, even without selection, leads to a decrease in 
heterogeneity. If a plant, heterozygous for a single pair of genes, 
is self-pollinated, the offspring will be in the proportion i AA : 
2 Aa : 1 aa. That is, half of them will be homozygous. If self- 
ing is again carried out, the homozygous individuals will give only 
homozygous offspring, the heterozygous ones will again give half 
their offspring homozygous. That is, on continued selfing the 
proportion of heterozygotes will be halved in each generation. A 
similar argument may be applied to an individual heterozygous 
for a large number of independently segregating pairs of genes; 
the number of pairs remaining heterozygous will be halved by 
each generation of selfing. Looking at the matter in another way, 
the chance that any one locus will remain heterozygous in a single 
individual chosen at random, will be halved at each generation. 
The same principle applies to any form of inbreeding. In no 



AN INTRODUCTION TO GENETICS 


272 

Other case will the rate of increase of homozygosis be as rapid as 
on selfing, but brother-sister, double cousin, or other types of 
matings between relatives will lead to increases in homozygosis 
(Fig. 103). If such inbreeding is accompanied by selection, the 
rate of increase will, in general, be greater — since selection will 
lead to the mating together of individuals with like phenotypes 
and therefore more probably of similar genotypes. 

Inbreeding and Selection. — ^This consideration leads to certain 
deductions concerning the efficiency of various methods of carry- 



Fig. 103. — ^The effects of inbreeding on homozygosis. The vertical axis 
represents the percentage of independently segregating gene pairs for which the 
series was originally heterozygous but has become homozygous as a result of 
the type of inbreeding indicated. (After Wright.) 


ing on selection experiments. If results are wanted quickly, it 
will obviously be desirable to inbreed closely, since this will lead 
to the most rapid elimination of the undesirable alleles. If, on the 
other hand, the aim is to get the most extreme possible individu- 
als, then only moderate inbreeding should be practiced— since the 
object should be to avoid discarding any favorable alleles. In 
fact, wide outcrosses, to unrelated strains, followed by inbreeding 
and the rearing of large families, would appear to be the best 
method of obtaining the maximum genetic diversity from which 
to start selection. 
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In practical work, it is clear that many considerations will be 
involved in the choice of method. In horses, where each indi- 
vidual is expensive to rear, requires several years to reach sexual 
maturity, and produces relatively few offspring, the method of 
outcrossing will not be profitable. In the case of an annual plant, 
where the individual is of less consequence in terms of time, space, 
and expense, the efficient method of procedure is more likely to 
be that of first outcrossing. 

LINKAGE 

We have so far considered the relations concerned in continu- 
ously varying characters without reference to the occurrence of 
linkage. It is evident that genes lying in a single pair of chro- 
mosomes often affect the same character, and that populations may 
be expected to be heterogeneous with respect to such linked pairs 
of alleles. The exact analysis of such relations in practice is dif- 
ficult; but it is certain that linkage is responsible for some of the 
difficulties encountered. One need only postulate the existence of 
a ‘'favorable” allele in a single chromosome, with an “unfavor- 
able” one located on each side of it, to realize that the most favor- 
able combination of alleles possible may be an extremely difficult 
one to obtain in practice. 

Linkage with Known Mutant Genes. — ^In a few cases it has 
been shown that some of the genes that affect characters of the 
type here considered are linked to other genes that have easily 
recognized effects. In theory it should be possible to employ this 
method, of using known mutant genes as markers, and thereby 
to obtain a complete analysis of the effect of the genes in each 
chromosome and each section of chromosome on any character. 
In practice the method is laborious, and in most organisms not 
enough known mutant genes are available. There exist, especially 
in Drosophila, enough partially analyzed cases of the sort to show 
that the theory is correct, even if its practical use is difficult. 

One practical application of linkage may be suggested here, 
though its actual use involves so much labor as to limit its avail- 
ability. If it can be demonstrated that certain desirable alleles are 
linked to known genes with easily classifiable effects, then the 
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favorable genes may be recombined with other ones with much 
greater ease than before; the difficulty lies in establishing the link- 
age in the first instance. 

MODIFIERS 

Genes with small effects, of the kind under discussion in this 
chapter, are sometimes referred to as modifiers or modifying 
genes. The term is a loose one, sometimes being used only with 
the implication that the alleles in question do not result in sharply 
distinct phenotypes, and that there are several pairs of genes 
affecting the character in question. Another usage is more pre- 
cisely indicated by the term specific modifier, meaning a gene 
without an easily recognizable phenotypic effect except in the 
presence of a particular constitution at some other locus. In this 
sense genes affecting eye-color in Drosophila (such zs v, pr, st) 
are specific modifiers of iv + — since they produce no recognizable 
phenotypic effect in white-eyed flies. In practice the term is most 
often used in connection with specific modifiers of mutant pheno- 
types. 

HYBRID VIGOR 

There is one continuously varying character that represents an 
interesting special case — ^viz., the general vigor or vitality of the 
individual. It has long been recognized that a decrease of vigor is 
likely to follow inbreeding. This relation was studied experi- 
mentally by Darwin; it was not a new idea even then. The 
modern interpretation is based largely on the work of Shull, of 
East, and of Jones. All these investigators studied the effects of 
inbreeding in maize. 

Inbreeding and Vigor.— Maize plants are normally cross-pol- 
linated. The pollen is produced in the tassel, and is scattered 
over the field by wind. It usually happens that most of the silks 
on a given plant are pollinated by grains from other plants; arti- 
ficially, however, it is easy to insure self-pollination. When this 
is done, and the resulting seeds are sown, it is found that the 
plants produced are a rather poor lot. If these in turn are selfed, 
the second inbred generation is still less vigorous. The plants 
are commonly smaller and more difficult to grow, and bear smaller 
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ears with fewer kernels on them, than is the case with the general 
population with which the experiment was begtin. The general 
vigor decreases on inbreeding, and selection is powerless to pre- 
vent the deterioration— though it may make the difference be- 
tween marked and less extreme deterioration. If selling is con- 



Fig. 104.“— At right and left, plants of two inbred strains of maize. Center, 
the Fi generation of a cross between these two strains. (Photograph from Dr. 
D. F. Jones.) 

tinned for many successive generations, the decrease in vigor 
continues for some time, but the rate of decrease becomes less. 
Many strains become so weak that it is impossible to keep them, 
but the others finally reach a constant state; further inbreeding 
produces no effects. 
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Crossing Inbred Strains. — ^The separate inbred strains that 
have reached this constant state differ greatly among themselves 
phenotypically, but each is quite uniform within itself. That is 
to say, each is homozygous for most of its genes, but the different 
lines are homozygous for different genes. If two such inbred 
strains are crossed, the Fi generation is again uniform; but its 
vigor is greatly increased. When a series of inbred strains are 
tested, it is found that the Fx plants produced by some combina- 
tions are stronger and give markedly better yields of grain than 
do those of the original mixed population from which the inbred 
strains were derived. 

Heterosis.- — ^This phenomenon is known as heterosis , since the 
vigorous individuals are the ones with the maximum number of 
loci in the heterozygous state. As will be shown below, it is not 
probable that heterozygosis, soj is responsible for the vigor; 
but there remains a striking parallelism. Inbreeding is, as shown 
above, bound to lead to increase in homozygosis, and we have just 
pointed out that selfing leads to a decrease in vigor in spite of 
selection for increased vigor. The general population is hetero- 
zygous for many genes, as shown by the diversity of the inbred 
strains that can be derived from it — -and the vigor of the general 
population is good. It should happen that some of the inbred 
lines would differ in more genes than the average number that 
are heterozygous in the general population— and, as stated; some 
crosses of inbred lines do give Fx plants that are more vigorous 
than the general population. 

Basis of Heterosis, — -These relations may be interpreted on the 
basis of these two known facts; (i) most mutations are deleteri- 
ous, and (2) most mutations are recessive. Maize is evidently a 
plant in which many unfavorable recessive genes are present. 
Normal cross pollination prevents these occurring in homozygous 
form in sufficiently large numbers to make serious difficulties, 
though they do somewhat decrease the efficiency of the whole 
population and the yield of grain per acre. Inbreeding auto- 
matically produces plants homozygous for recessive genes. The 
regularity of the occurrence of the deterioration shows that every 
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plant in the original field population is heterozygous for many 
such deleterious recessives. The failure of selection to counteract 
the unfavorable effect also shows that the number must be large. 
Since the number is large, it is to be supposed that several un- 
favorable alleles are likely to exist in some or all chromosomes. 
One chromosome will carry unfavorable alleles a, c, and its 
homolog in the original field plant may carry and but 

also possess the unfavorable alleles b and e. That is, the consti- 
tution may be written — ^ ^ ^ . It may be practically impos- 

sible to recover a chromosome with all -f. alleles, and accordingly 
all the homozygous types produced will have fewer loci at which 
there are -f- alleles than did the parent. If several or all chromo- 
somes are in conditions like this, it is evident that selection and 
inbreeding will never lead to the production of the best possible 
phenotype — one with all alleles represented. 

Heterosis and Practical Breeding, — ^The principles involved 
here have been put to practical use in breeding high-yielding 
maize. A series of inbred strains has been developed, specific 
combinations of which give unusually vigorous and productive Fi 
plants. In practice, however, this method suffers from one serious 
defect: the seed parent, from which must be harvested enough 
seed to sow many acres, is weak and relatively infertile. This 
difficulty has been surmounted by the use of four separate inbred 
strains— A, B, G, and D. A X B and G X D hybrids are ob- 
tained; each is vigorous and easily grown. They are then planted 
in alternate rows in a field, and the tassels are removed from all 
plants of one type — ^say the A X B hybrids. The effective pollen 
then comes from the G X D rows of plants, and all the seed 
harvested from the detasseled plants is of the ancestry (A X ®) 
X (G X If the four original strains are well chosen — and 
by repeated trials highly favorable combinations can be found — 
the plants grown from this seed are very vigorous, and give high 
yields. There is more variability than in the Fi plants, since both 
parents here are heterozygous; but the greater fertility of the seed- 
parent makes this method more efficient for large-scale production 


278 AN INTRODUCTION TO GENETICS 

than is the use of Fi plants directly. A large and increasing 
portion of the commercial crop in the United States is now grown 
from seed of this kind. 

Other examples of the use of heterosis in practical breeding 
may be cited, but are of a somewhat dijfferent nature, being based 
on the crossing of standard strains that are already in existence 
and are of practical use even without crossing. The best-known 
of these examples is the mule — an Fi hybrid whose vigor is 
proverbial. Many fancy beef cattle are produced by the crossing 
of pure breeds — ^the Shorthorn- Angus combination being an es- 
pecially noteworthy example. 

Natural Self-pollinatioii. — Some kinds of plants — e.g., peas, 
beans, wheat, oats — ^normally reproduce by self-pollination. Cross- 
ing is possible, but rarely occurs except when purposely brought 
about by man. In such forms the phenomenon of heterosis is 
less marked than in most naturally cross-bred forms. The reason 
is clear: unfavorable recessive mutant genes become homozygous 
almost at once and are eliminated, while in cross-bred organisms 
the fact that they are recessive makes it possible for them to be 
carried along indefinitely in heterozygous condition. 

Most such normally self-pollinating species are made up of 
individuals that are homozygous for nearly all their genes. (The 
striking exception here is Oenothera, many species of which are 
self-pollinating balanced heterozygotes— see Chapter XL) One 
of the classical series of experiments in the history of genetics — 
that of Johanssen on beans — ^was based on this fact. Johanssen 
started from a mixed lot of beans, and selected large and ^mall 
seeds. On growing plants from these, he found that the large 
seeds gave plants that, on the average, had large seeds; the sniall 
seeds gave plants with small seeds. The seeds on each plant 
varied in size, but selection within such a family was wholly 
ineffective. Evidently the original mixed lot of seeds included 
a series of different genotypes, each homozygous; the variability 
among the seeds of an individual plant was wholly phenotypical. 
The terms "genotype” and "phenotype” were first introduced by 
Johanssen in discussion of these experiments. 
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Value of Homozygous Strains. — Such homozygous strains are 
of value in the study of physiological problems. It is clearly 
desirable to have as uniform individuals as possible for phys- 
iological studies, in order that the results obtained with them 
may be uncomplicated by genetic differences in reactivity. It is 
for this reason that many studies in plant physiology are carried 
out with such plants as peas and oats. Numerous closely inbred 
strains of rodents (rats, mice, guinea-pigs) have been developed 
for similar purposes. 

ASEXUAL REPRODUCTION 

There is another method of producing individuals with like 
genotypes — ^viz., asexual reproduction. The asexually produced 
descendants of a single individual are members of a single clone. 
Such individuals are alike, since meiosis and fertilization are not 
concerned in their production, but they need not be homozygous. 
In fact, long-continued asexual reproduction regularly leads to the 
accumulation of unfavorable recessives. Since the heterozygotes 
are at no disadvantage and the homozygotes are not produced, 
new recessive mutations are eliminated only when an allelic reces- 
sive arises in the homologous chromosome. 

Artificial Asexual Propagation.— Many cultivated plants are 
artificially propagated asexually, through the rooting of stem- 
cuttings (as in the common house **Geranium,'V Pelargonium) or 
tubers (as in potatoes), or through budding or grafting (as in 
many fruits— peaches, apples, etc.) . In these cases seeds axe pro- 
duced, and are usually the chief means of reproduction in wild 
plants. In the cultivated strains they are the source of new 
varieties; but sexual reproduction, with its attendant recombina- 
tion, leads to the production of seedlings, the great majority of 
which are inferior. 

”Inferior*Mn this case is to be understood as meaning "less 
desirable from the point of view of the plant breeder,’' rather 
than ‘less efficient from the point of view of the apple." The 
seedlings are often vigorous and highly fertile, but bear apples 
of poor quality. Evidently quality is a complex character, and is 
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conditioned by many genes; in a given asexually reproduced variety 
many of these are heterozygous, and sexual reproduction leads to 
much recombination — ^most of the products of which are "in- 
ferior.” 

Citrus Fruits. — A special type of asexual reproduction is found 
in citrus fruits (oranges, lemon, etc.). Here, as in most plants, 
the seeds are produced only if pollination occurs and is followed 
by fertilization and the production of a diploid embryo. In many 
forms of citms, however, the purely maternal tissue in each seed 
also develops into one or more embryos, and these compete with 
the embryo resulting from fertilization. The result is that t h e 
sexually produced embryo, being the product of recombination 
for many gene pairs, usually has a genotype much less viable than 
that of the mother plant, and is crowded out. In consequence, 
most citrus seedlings are wholly maternal in genetic constitution. 

TUMORS 

Another special case of the action of multiple genes is illus- 
trated by the work of Little, of Tyzzer, of Strong, and of others 
on transplantable tumors in mice. Using a particular tumor line, 
it is possible to find inbred strains of mice that are consistently 
immune— no tumors develop on inoculation — and other in- 
bred strains in which every individual is susceptible— an 
implanted bit of tumorous tissue will develop. In the cases 
studied, when these two strains of mice were crossed, all of the 
Fi mice were susceptible. In the F2, however, the majority of the 
individuals were immune. In one case studied by Little, for ex- 
ample, there were 23 susceptible to 66 immune individuals. On 
aossing the same Fi generation back to the immune parental 
strain, there were produced 21 susceptible to 208 immune mice. 
These results are most easily explained on the assumption that the 
two original strains diflFered in four independent pairs of alleles, 
susceptibility occurring only in individuals carrying a dominant 
allele in each of the loci. 

The results here depend on the particular tumor used, as well 
as on the particul^ shains of miefe; ' Cases have been recorded in 
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which the number of gene pairs concerned was one, two, three, 
four, five and more. In case the same pair of strains is tested by 
the use of different tumors, it may happen that they differ in 
two genes conditioning the growth of one tumor, but by three 
conditioning the growth of another; and there may be some genes 
common to the growth requirements of the two tumors, others 
specific to each tumor. 

Tissue TransplantatioiL — ^These results are to be related to 
those obtained by Loeb and Wright in studies on the transplanta- 
tion of normal tissues in guinea-pigs. In ordinary random bred 
material it is possible to make successful grafts from one indi- 
vidual to another part of the same individual, but not usually 
between individuals. If, however, long inbred strains are used, 
tissue may be transplanted from one individual to another one of 
the same strain and it will grow practically as well as though 
implanted in the individual that produced it. That is, the specif- 
icity in reactions between host and implant are determined by 
genes, and within a closely inbred line the genes are so nearly 
alike from one individual to the next that there is no difference 
in specificity. Transplantation between different inbred lines is, 
as expected, unsuccessful. If two such lines are crossed, it is 
found that tissue from either of the component inbred strains will 
grow if implanted in the Fi; tissue from the Fi will not grow in 
the inbred lines. That is, all the specific genes present in the 
implanted tissue must be present in the host to insure success, 
but the reverse is not true; specific genes present in the host need 
not be present in the implanted tissue. 

Spontaneous Tumors. — ^The occurrence of spontaneous tumors 
presents a more complex problem than does the susceptibility to 
implanted ones discussed above. Most of the experimental work 
here has been done with mice. The results of Lynch and of 
others show that strains of mice differ in the frequency with 
which individuals belonging to them develop tumors, and crosses 
show that these differences are inherited as though multiple 
genes were involved. The analysis is difficult, because tumors do 
not develop at a specific age, and many mice die before one can 
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be certain whether they would have developed tumors or not. 
The incidence is also greatly affected by environmental conditions, 
and the situation is complicated by the existence of many kinds of 
tumors — some of which at least show different relative frequencies 
in different strains. All that can be said briefly is that strains 
differ genetically in the probability of the development of a spon- 
taneous tumor. 

It is probable that this conclusion may be applied to man as 
well. Analysis of pedigrees gives some support to such a con- 
clusion; but most geneticists will be inclined to rely on the a priori 
argument that anything so complex and so dependent on many 
factors must, of necessity, be influenced by genetic differences. 

IDENTICAL TWINS 

This same a priori argument may be applied to the inheritance 
of mental characteristics in man. Here again there is some evi- 
dence from the analysis of pedigrees that goes to show the in- 
heritance of some forms of insanity and feeble-mindedness. The 
number of types here is so great, however, and the influence of 
environmental differences is so difficult to evaluate, that extreme 
caution is indicated in drawing conclusions concerning the in- 
heritance of mental characteristics. 

There is one type of evidence concerning such characters that is 
particularly useful. This concerns identical twins, which may be 
looked upon as representing a special case of asexual reproduc- 
tion, already referred to as a method of obtaining genetically 
identical individuals. Identical twins are produced in about i in 
400 human births. Both members of such a pair develop from 
a single fertilized egg, and they must therefore be supposed to be 
genotypically identical. It is a matter of common knowledge that 
identical twins are in fact closely similar in appearance and in 
mental make-up. More detailed studies have shown a whole 
series of curious resemblances— -in finger-prints, tooth anomalies, 
disease incidence, etc. Such pairs also offer the best hope of 
providing critical evidence on the old question of the relative 
r 61 es of heredity and enviroiunent in the determination of mental 
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characters in man. The two members of a pair of identical twins 
are alike in their genes; what is required is to find pairs the mem- 
bers of which have been reared apart from infancy. Muller and 
later Newman and others have studied some 20 such separated 
pairs, and have shown striking similarities to exist in their per- 
sonal characteristics, as indicated by comparative scores in various 
kinds of * Intelligence tests” and by other less objective studies. 
In general, identical twins reared apart seem to resemble each 
other, mentally as well as physically, more than do non-identical 
twins twins developed from two separately fertilized eggs). 
Further studies of this sort will furnish a really sound basis for 
the analysis of the hereditary basis of human personality. 
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Problems 

1. How many different genotypes are possible in a population hetero- 

geneous for a single pair of genes? How many if two pairs 
are segregating? Three? Ten? What is the general rule? 

2. Given a plant of a species in which either selling or cross-pollina- 

tion is possible, of the constitution Suppose the 

.. ■ d ■ c „ 

crossover values to be; a-b—1.0 per cent, a-c — ^15 per cent, 

5 per cent (no double crossovers) ; how would you obtain a 
strain homozygous for ^ 

3. In the example of inheritance of ear-length in maize given in the 

text, the actual data recorded by Emerson and East were as fol- 
lows (in percentages) : 


Ear ' 
length 
(cm.) 

Short 

parental 

strain 

Long 

parental 

strain 

Fi 

F2 

5 

7.0 




6 

36.9 




1 

42.0 


.... 

0.3 

8 

14,0 

.... 

.... 

2-5 

9 

— 


T -4 

4-7 

10 

— 

— 

17.4 

6.5 

II 


.... 

17.4 

11.7 

12 


. . . - 

20.3 

18.2 

13 

.... 

3.0 

24.6 

17.0 

14 

— 

10.9 

13.1 

17.0 

15 

.... 

11.9 

5.8 

9.7 

16 


14.8 


6.2 

17 


25.8 

.... 

3-7 

18 


14.8 


2.2 

19 


9,9 


0.3 

20 


6.9 



21 


2.0 




On the assumption that there is a single pair of genes differen- 
tiating the two parental strains, show what distribution would 
be expected in F2, on the basis of the parental and Fi measure- 
ments. How does this expectation differ from the F2 distribu- 
tion actually obtained? 

4. Selection for a character, such as milk production in cattle, that is 

phenotypically expressed only in one sex, requires the develop- 
ment of some system of selecting the breeding animals of the 
other sex. What basis would you suggest for selecting bulls to 
use in an effort to increase the milk production of a herd? 

5. The brown scarlet double recessive in Drosophila has white eyes. 

Given a brown scarlet stock, and another one with the sex-linked 
recessive white, how would you make up a triple recessive strain 

(w bw St ) ? 

6. The facet counts on bar and wild-type Drosophila described in 

Chapter XIV were collected to show the effects of differences 
at this locus alone. To do this, it is necessary to eliminate dif- 
ferences in genes at other loci (in the same chromosome pair or 
in other ones) that may affect facet number. Given an inbred 
wild-type strain, assumed to be homozygous for genes influencing 
facet-number, and given a bar strain with different genes in 
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Other loci, how would you obtain a strain carrying the gene B 
but otherwise with nearly the same genes as those present in the 
inbred wild-type stock? (This result can be most efficiently 
obtained through the use of mutant genes in other loci as 
''markers/* The process requires several generations.) 

7. Two strains of mice differ in their susceptibility to two implanted 

tumors, one strain being susceptible to both tumors, the other to 
neither. For tumor number one the difference is dependent on 
two pairs of genes; for tumor number two it is dependent on 
these same two pairs of genes and one additional pair. Each 
tumor will develop only in mice carrying a dominant allele in 
each of the loci influencing it. The two strains of mice are 
crossed. What is the reaction of the mice to each tumor? 
What proportion of the F2 mice will be susceptible to both 
tumors, to one and not the other, and to neither? 

8. Two strains of Drosophila differ in a measurable character that 

shows continuous variability. How would you find out if some 
of the gene differences are in the X chromosomes ? If one makes 
use of a standard test strain, carrying known dominant genes 
in each of the autosomes, it is possible also to test the two strains 
for differences in each autosome. Assuming that curly (Cy) is 
used for the second chromosome and dichaete (D) for the third 
(the fourth being neglected), outline the necessary crosses, (Re- 
member that there is no crossing over in the Drosophila male.) 
The standard ornamental varieties of roses are propagated asexually, 
through cuttings and through budding. They are heterozygous 
for many genes. Recently a technique has been developed which 
greatly reduces the time required for sexual reproduction, from 
pollination to flowering of the seedling. What practical advan- 
tage of this technique can you suggest? 


9 




I 


i 



CHAPTER XVIII 
HETEROGENEOUS POPULATIONS 

The most usual method of approach to genetic problems is 
through the making of controlled matings/ usually involving dis- 
hnct strains, each known or presumed to be uniform within itself 
for genes studied. In many cases, however, this method is not 
a^ilable. In man, for example, controlled matings are not pos- 
sible; in horses they involve too much time and expense to be 
practicable. In still other cases, it is desirable to make some 
analysis of existing populations without being able to obtain any 
data at all on pedigrees of individuals. This latter situation is 
especially frequent in studies concerning wild populations. The 
development (by Haldane, Fisher, Wright, and others) of meth- 
o s or studying such cases has also led to great advances in our 
dieoretical knowledge of the behavior of genetically mixed popu- 
lations, and of their reactions to mutation, selection, and inbreed- 
mg. 

POPULATIONS IN EOUILIBRIUM 
The simplest case is that of a population in which two alleles— 
A and ^-are present. Let it be assumed that: (i) the popula- 
tion IS indefinitely large, so that sampling errors may be dis- 
regar e , (2) mating is at random — r.e., any two individuals of 
opposite sex are as likely to mate as are any other two; (3) both 
^ and ^ are stable— f.c., mutations may be disregarded; (4) the 
toee genotypes AA, Aa, and aa are equally viable and Me 
We may suppose that the relative frequencies of the two genes 
are as p^is to q, where p + q = x-e.g., if A is three times as 
frequ^t as a, then p = 0.75 and q = 0.25. Under the stated 
conditions. It is then possible to determine the proportions in 
which the three genotypes (AA, Aa, aa) will occur in the popu- 
lation. The gametes in any one generation will have constitutions 
proportional to the gene frequencies-^. e., those carrying A will 
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be to those carrying a as p is to q. A checkerboard diagram may 
therefore be constructed, as shown: 




Sperms 



p ^ 

q 

Eggs 

pA 


AA 

pq Aa 

q d 

pq 

Aa 

q2 aa 


The three genotypes will be present in the proportions p^AA: 
2 pq Aa : q^ aa. This is the fundamental formula, an under- 
standing of which is necessary in population studies. It repre- 
sents a stable condition, which will persist unaltered so long as 
the conditions enumerated above are fulfilled. If the population 
represents a newly made mixture, the frequencies indicated will 
be present by the first generation after the original mixing occurs. 

An example will show the usefulness of the formula. As 
stated in Chapter III, there exists a difference in ability of indi- 
vidual people to taste phenyl thiourea. Approximately 70 per 
cent find it extremely bitter; the remaining 30 per cent find it 
without taste. Preliminary analysis of a few pedigrees showed 
that two taster parents might have children who were non-tasters; 
but no cases were found in which two non-taster parents had 
children able to taste the substance (Snyder). This result sug- 
gested the hypothesis of a pair of genes, and the faculty of 
tasting phenyl thiourea being due to a single dominant gene. On 
this assumption, the gene-frequencies may be calculated: 

p2 4- 2 pq = 0.70 
q2 0.30 

. V. p z== 0.45, q = 0.55, p2 = 0.203, 2 pq = 0.495 

Given these values, it is possible to estimate the frequencies to 
be expected from two taster parents, or from parents of whom 
one is a taster, the other is not. These expectations follow from 
the calculated frequencies of 4 — j- (20.3 per cent) and 4-/ 
(49,5 per cent). For example, since 4 — )- to 4- / == 2:5 (ap- 
proximately), a series of taster parents will give, on the average, 
9 4- to 5 / gametes, or about 36 per cent /. The observed results 



from taster X were 242 tasters and 139 non-tasters, or 

39.5 per cent non-tasters. In this way the hypothesis of a single 
gene difference may be adequately tested without the accumulation 
of a large number of pedigrees that run through several genera- 
tions. 

Effect of Sex-linkage.^ — ^The formula requires a modification 
when the gene-pair concerned is sex-linked. In this case, the 
individuals of the heterozygous sex are haploid for the chromo- 
some concerned, and the proportions in which their phenotypes 
occur give the gene frequencies directly; the usual formula applies 
to the homozygous sex. Red-green color-blindness occurs in about 
8 per cent of human males; this then is the gene-frequency. The 
percentage of females that are color-blind is expected to be about 
0.64 since this is the square of the gene-frequency. The available 
figures give frequencies for color-blind women that are definitely 
higher than this, for reasons that are unknown. In this case anal- 
ysis of pedigrees was first used to show that color-blindness is a 
sex-linked recessive; but the gene-frequency method is available 
for use as a means of detecting sex-linked characters. If it be 
found that, in a mixed population, the frequency of a given 
character in the homozygous sex is the square of the frequency in 
the heterozygous sex, a sex-linked gene is to be suspected. A pos- 
sible check on this interpretation is to see if the same algebraic 
relation holds in a different population in which the absolute 
numbers — i.e.^ the gene frequencies — ^are different. The next 
example illustrates the use of this principle. 

Blood Groups in Man. — ^The inheritance of the four blood- 
groups in man has been described in Chaptei: XIL The four 
types (O, A, B, AB) represent the interaction of three alleles, 
0 , A, Bf of which O is recessive and the other two produce their 
characteristic effects even when both are present. As a matter of 
fact, the original interpretation was in terms of two independent 
of alleles, Aa and Bb, the O type being bb, the others of 
possible on the assumption that both A 
out by Bernstein and by 
to different equilibrium 
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frequencies for the four phenotypes, as shown in the following 
example based on 8662 German cases recorded by Gundel: 


Group 

0 

A 

B 

AB 

Equilibrium, 





Multiple alleles 

37-3 

43-5 

13.2 

5.8 

Two gene pairs 

41.1 

40.0 

9.6 

9.4 

Observed 

37-3 

43.7 

13-4 

5'7 


Evidently the hypothesis of three alleles gives a better fit than 
does the older view. It happens that the frequencies of the four 
types vary from one race to another. The American Indians are 
mostly O, B is most frequent in Asia, etc. It is found in every 
case that the hypothesis of multiple alleles gives the better agree- 
ment between calculated and observed phenotype frequencies, 
however varied the gene frequencies concerned. This conclusion 
has been verified by examination of individual pedigrees; the 
simplest diagnostic relation here is that, on the multiple-allele 
hypothesis, O and AB can never be related as parent and off- 
spring; while on the hypothesis of two pairs of genes such 
pedigrees should be rather frequent. No clear cases of such a 
relationship have been found. 

Limitations of the Formula. — ^The several conditions laid 
down above are necessary in order that the formula p^ 4- 2 pq 
4“ q^ should be applicable. None of these conditions is neces- 
sarily fulfilled in every example. It is, however, possible to 
determine mathematically the consequences of introducing devia- 
tions from these requirements. The details of this mathematical 
development are beyond the scope of this book, but some of the 
conclusions may be indicated. 

SELECTION 

Selection, either natural or artificial, will upset the equilibrium. 
Referring back to the stated requirements, this is equivalent to 
saying that the three genotypes and are not equally 
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viable and fertile. It is evident that, if a population exists in 
the equilibrium proportions, but the aa individuals are wholly or 
relatively sterile, there will be fewer a gametes contributing to 
the composition of the next generation, and the composition of 
the population will change. The effects produced will depend on 
the intensity of selection, and on whether the selected phenotype 
is conditioned by a dominant or a recessive gene. It is obvious 
that a dominant gene, being subject to selection in every zygote 
that carries it, will change its frequency in response to selection 
much more rapidly than will a recessive gene, which is selected 
only when present in homozygous form. The difference in effec- 
tiveness will also depend on the gene-frequency itself, since the 
higher is the frequency of a recessive gene the more numerous are 
the homozygous individuals in which it will occur. 

Selection and Rate of Change. — ^Haldane has calculated the 
number of generations required to bring about certain specified 
changes in phenotype frequencies, in the case where selection is of 
such an intensity that the less favored phenotype has a disad- 
vantage of I in 1,000; i.e,, on the average contributes 999 gametes 
to the formation of the next generation when a like number of 
the more favored phenotype contributes 1,000. 


TABLE 2 


Character selected 

Generations required to change phenotype 
frequencies as indicated 

From .001 
to 1% 

I ^ 

From I 
to 50% 

From 50 
to 99% 

From 99 
to 99*999% 

autosomal recessive 

309.780 

1 1,664 

4,819 

6,920 

autosomal dominant 

6,920 

4,819 

11,664 

309,780 

recessive, only one 
sex selected 

619,560 

23,328 

9.638 

13,841 

dominant, only one 
sex selected 

13,841 

9,638 

23,328 

619,560 

sex-linked recessive 

10,106 

5,593 ! 

4,668 

6,916 

sex-linked dominant 

6,916 

4,668 

5,593 

10,106 


(The frequencies shown are related to gene-frequencies thus; for recessives, 
frequency shown = q^; for dominants, 4- 2 pq. The last two lines give 
the number of generations required to change the homozygous sex. ) 
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If a selection lo times as intense a disadvantage of i in 
100) be assumed, the numbers of generations shown must be 
divided by ten in order to determine the number of generations 
required for a specified change. 

INBREEDING 

The assumption of an indefinitely large population whose mem- 
bers mate at random is probably never actually fulfilled. It is 
a convenient mathematical assumption; but it is evident at once 
that mere spatial propinquity will insure that, if the population is 
as large as stipulated, there will be some degree of selective 
mating, in the sense that fairly closely related specimens produced 
in a single area will be more likely to mate with each other than 
with more distantly related individuals produced at a remote point 
in the range. This question of the existence of relatively distinct 
sub-populations has been investigated mathematically by Wright. 
He has come to the conclusion that the condition optimum for 
adaptive changes in gene frequencies is that in which a large 
general population is split up into a series of small semi-independ- 
ent sub-groups. These groups are small enough to allow random 
sampling to produce chance deviations in gene-frequencies; these 
new combinations are then "'tried out,’* and any that are improve- 
ments spread to the rest of the area of the species; the unsuc- 
cessful tries are ultimately replaced by immigrants from the rest 
of the area occupied by the species. 

MUTATION 

The condition was laid down that the equilibrium formula is 
valid only when mutations are absent. Considering the case of 
two alleles, ^ and a, with gene frequencies p and q, there are two 
possible mutant changes: and We may represent 

the frequency of the first by the symbol u, of the second by v. 
The rate of change of p will then be represented by Ap, it being 
understood that the time interval is the same in estimating u, v, 
and Ap (commonly a single generation). It can be seen that 
Ap z= q V — p u. When Ap = o, the mutation pressures will 
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evidently be at equilibrium- — there will be no further change 
in the constitution of the population. The condition of equilib- 
rium then is q v = p u. 

So long as neither u nor v reaches zero, it will be impossible, by 
selection, to obtain a completely homozygous population. In 
practice, however, the values of u and v are usually so low that 
populations homogeneous with respect to specific loci are fre- 
quently encountered. 

If all loci are taken into consideration the situation is quite 
otherwise. Mutations at any one locus are usually too rare to 
affect calculations based on specific limited populations; but if all 
loci are taken into account one may be certain that diverse alleles 
will be found in any large cross-fertilized population. We have 
already described an example of this in maize, and many others 
are known. In wild populations of Drosophila unfavorable genes 
are present in the autosomes with surprisingly high frequencies— 
about 10 per cent of the second chromosomes of wild individuals 
I of D. melanogaster carry lethal genes (Dubinin and co-workers), 

I and the frequency is even higher in the third chromosome of 

^ D. pseudoobscura. 

Mutations are the raw material for evolution. Selection and 
inbreeding cannot make any changes except in the frequencies of 
genes originally produced by mutation, which is thus the primary 

i factor of evolution. Yet most mutations are deleterious; evolu- 

; tionary progress is therefore dependent on a process that is usually 

J injurious to the population in which it occurs. 
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Problems 

Suppose you found two distinguishable types in a wild population 
of some organism, in these frequencies: 


Type I 

Type 2 

Females 99% 


Males 90% 

10% 


What would you conclude? If, in another organism, you found 
these same frequencies with the sexes reversed Type 2 in 
TO per cent of the females and 1 per cent of the males), what 
would you conclude? 

In Drosophila repleta there is a sex-linked recessive, 'light,*' that 
affects the body color. It occurs in wild populations. One 
series, collected in New York City, included 6 lights among 172 
females, and 33 lights among 224 males. What gene-frequency 
may be deduced from the males? Assuming stable equilibrium 
conditions, how many light females would have been expected in 
a sample of 172? 

There are two antigens in human blood, known as M and N. No 
antibodies for these are present in human blood, so no agglutina- 
tion occurs, and no clinical complications arise, in transfusion. 
Antibodies are produced in rabbits into which appropriate hu- 
man blood is injected, and this permits classification of human 
subjects. The inheritance is independent of that of the A, B, 
and O types. One series of data (Wiener, Rothberg, and Fox) 
gave the following proportions of the three known types in a 
population: 

M, 29.3 per cent; MN (le., both antigens present), 50.5 
per cent ; N, 20.2 per cent 

What is the indicated genetic relationship of these types ? 
Pedigree studies have verified the conclusion that is indicated; 
what are the expectations from the six possible kinds of matings? 

Two separate populations are in equilibrium for the same pair of 
alleles. In one of them p = 0.6, in the other p = 0.2. If a 
random sample of females from one population is crossed to a 
random sample of males of the other, what is the result in Fi ? 
(This may be solved most easily by the use of a checkerboard 
diagram.) 
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5. Suppose a pair of alleles to exist, with the following mutation 

frequencies: 

^ ^ a — 0.001 

a > ^ z=z 0.005 

What will be the equilibrium frequencies for these alleles? 
What phenotype frequencies (with complete dominance of -f-) 
will be found in a population that has reached this equilibrium? 

6. White seedlings in maize are effectively lethal, never growing into 

fertile plants. In spite of the resulting selection against the re- 
cessive genes responsible for them, commercial varieties of maize 
are heterogeneous for many such lethal genes. Why? 

7. Using a checkerboard diagram, work out the equilibrium formula 

for populations heterogeneous for the three alleles concerned in 
the A, B, O blood groups in man. 

8. In Primula acaule, the English wild primrose, two types of plants 

occur: one with short styles and long stamens, Ae other with 
long styles and short stamens. The difference is due to a single 
pair of alleles, short style being dominant. As shown long ago 
by Darwin, pollination of short times short, or of long times 
long is much less often successful than long times short or short 
times long. This relation appears to depend on a difference in 
rate of pollen-tube growth (compare self-sterility, Chapter XII). 
Examination of populations of wild plants shows the two pheno- 
types to be present in very nearly equal numbers in every large 
series studied. What frequencies of genotypes are present? 


CHAPTER XIX 


POLYPLOIDY 

Often, particularly in plants, more than two complete sets of 
chromosomes are present — ^a condition known as polyploidy^ 
Organisms in which there are more than two sets of chromosomes 
all of which are derived from the same species are called auto- 
polyploids, while those in which the different sets were originally 
derived from two or more different species are known allo- 
polyploids. This classification breaks down in certain cases in 
which the situation is more or less intermediate, but in general 
the distinction is convenient. 

B-type Chromosomes in Maize. — ^It should be pointed out 
that organisms may have three or even four times the haploid 
number of chromosomes without being polyploid. One example 
of this situation, to be discussed in more detail later (Fig. no), 
is found in the genu s Drosophila . Here a species with twice the 
number of chromosomes of another may apparently have essen- 
tially the same chromatin organized into twice as many units, i.e., 
a single chromosome of one species may be the equivalent of two 
in the other. The species with the larger number is not a poly- 
ploid. Another example is found in maize. Here supernumerary 
chromosomes are found in some strains. These extra units, 
known as **B-type'’ chromosomes, are made up largely of hetero- 
chromatin. They are genetically relatively inert, carrying no 
known genes. By selection they can be accumulated without im- 
portant phenotypic effects. Randolph has obtained plants with as 
many as 10 B-type chromosomes (Fig. 105). Plants of these 
types are not triploids, for the reason that they do not have more 
than two complete sets of chromosomes — i.e., of euchromatic 
material. 

Origin of Polyploids. — ^Polyploids can arise in several ways, 
some of which will be discussed in detail later in this Ghapter. 

29s ■ 
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Spores or gametes may be produced by anomalous meiotic divi- 
sions in which there is no reduction in chromosome number. 
Somatic doubling of chromosomes occasionally occurs in both 
plants and animals, and this may lead to the formation of diploid 
gametes. In mosses and ferns it has been possible experimentally 
to cause gametophytes to regenerate directly from a sporophytic 
tissue. Such gametophytes are, of course, diploid, and produce 
diploid gametes. The process can be repeated several times, each 
time doubling the chromosome number. Finally, the participa- 



a b 


Fig. 105.— -Somatic chromosomes of maize, a— normal figure, with 20 chro- 
mosomes (10 pairs), b — ^figure with 28 chromosomes, of which 8 are "B- 
typ^- These are among the smaller chromosomes, and are mostly to be found 
near the periphery of the metaphase plate. (After Randolph.) 

tion of more than two nuclei in fertilization, which regularly 
occurs in the initiation of endosperm tissue in seed plants, can 
result in the addition of extra whole sets of chromosomes. 

AUTOPOLYPLOIDS 

Meiosis in Autotriploids.— Autotriploids have three complete 
sets of chromosomes. Every homolog is represented three times, 
just as is one specific chromosome in a trisomic individual. 
group of three homologs goes through meiosis in essentially the 
same way as does the single group of three in a trisomic indi- 
vidual. ' In maize, for example, in which the haploid number 
of chromosomes is ten, there are from seven to ten trivalents 
formed in the triploid. The orientation, with respect to one 
another, of these trivalents at metaphase is approximately a ran- 
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dom one. The spores formed may have any chromosome number 
from 10 to 20, /.<?., from the haploid to the diploid number. In 
both male and female gametophytes the great majority of the 
unbalanced types are inviable, and a triploid plant is very nearly 
completely sterile. Haploid and diploid spores are expected to 
be produced with a low frequency— i in 2^^, or i in 1,024, of 
each with random distribution and with no lagging. Both of 
these types are produced and are functional in both kinds of 
gametophytes. A few n + i pollen grains may function. In the 
female gametophytes many more combinations are functional than 
in the pollen. 

Triploid-diploid Crosses.^ — If a cross is made between triploid 
and diploid maize plants, the few viable seeds obtained will give 
rise to a variety of types with respect to chromosome number. In 
fact, every number from 20 to 30 (diploid to triploid) may be 
found among the progeny. Trisomic types are relatively frequent, 
and it is from such crosses of triploid and diploid plants that 
most of the trisomic types in maize have been obtained. The 
reciprocal cross, diploid X triploid, gives mainly diploids, trisomic 
types and triploids. 

The oiSFspring of the cross, triploid X diploid, are of interest in 
connection with the genic balance concept previously mentioned. 
With regard to vigor the diploid and triploid plants are normal 
and those with intermediate numbers are less vigorous. Further- 
more, those closest to the 2n and 3n conditions {e.g,, 2n q- i and 
3n — i) show the least decline in vigor and those furthest re- 
moved {e.g., an -j- 5) show the greatest decline. The correla- 
tion between chromosome number and phenotypic modification 
is not as simple as the above general statement might imply; 
nevertheless, the relations are in general agreement with those 
expected on the balance theory, if one remembers that the differ- 
ent chromosomes are qualitatively unlike, 

Autotetraploids.— An individual with four complete chromo- 
some sets is known as an Autotetraploids usually 

show a high frequency of quadrivalent formation at meiosis. The 
leptotene chromosomes pair by twos, with more or less frequent 
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changes of partners along the lengths of a group of homologs 
(Fig. 106). At least three chiasmata, appropriately related to 



DIAKINESIS 

Fig. 106.— Meiotic prophases in an autotetraploid, showing conjugation of 
four homologous chromosomes. The diakinesis configuration shown results from 
complete terminalmtion. 

one another, are necessary for the formation of a metaphase 
quadrivalent. Frequently four homologs are associated as two 
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bivalents or, less frequently, as a trivalent and a univalent. In 
the tomato, for example, there are 12 chromosomes in the haploid; 
and in the microsporocytes of the autotetraploid form there are 
from 7 to II quadrivalents and from 10 to 2 bivalents (Lesley). 

Since quadrivalents usually show a 2-2 distribution at meiosis, 
autotetraploids are usually relatively fertile. The spores or gametes 
formed with regular distribution are, of course, diploid. The fre- 
quencies of 3-1 distributions for quadrivalents are sufficient, how- 
ever, to result in rather numerous deviations in chromosome 
numbers in the offspring of autotetraploids. 

Higher Polyploids. — Still higher autopolyploids are known. 
The wild tulip species, Tulipa clusiana, is an autopentaploid (5n). 
In this case there is an odd number of chromosomes of each kind 
and consequently meiosis results in irregular distribution. The 
species maintains itself in nature, without recourse to meiosis and 
fertilization, by resorting to vegetative reproduction. Crepis 
biennis, hawk's beard, appears to be an auto-octoploid. Other 
examples are known in nature and under cultivation. 

Segregation in Autopolyploids. — Segregation of genes hetero- 
zygous in autopolyploids is, of course, different in detail from 
that in diploids. In autotriploids it is essentially similar to that 
already discussed in trisomic types. Because of the sterility of 
autotriploids and the complications resulting from the elimination 
of many types of gametes, genetic studies are particularly dif- 
ficult to carry out. Genetic studies of triploid females of 
Drosophila have shown that crossing over occurs after chromo- 
some division {i.e., at a stage at which six chromatids are pres- 
ent), as it does in diploids, and have given information bearing 
directly on the pairing behavior and on the relation of crossing 
over to chromosome distribution. These questions are, however, 
too involved to justify a consideration of them here. 

Segregation in autotetraploids occurs in a predictable manner. 
In the autotetraploid form of Primula sinensis, it has been shown 
that plants of the constitution give the gametic types 

~^/a, zx\A a/a in approximately the ratio 1:4:1 expected 
with random two-by-two assortment of four entire chromosomes. 
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The genotype -\-/a/a/a gives approximately equal numbers of 
-\-Ja and a/a gametes. The above ratios hold only for genes 
which give no crossing over between the centromere and the gene 
concerned. For loci that do give such crossing over they do not 
hold strictly, but are roughly approximated. That such crossing 
over does occur is demonstrated by the fact that a/ a gametes can 
be obtained from individuals of the constitution 
The exact genetic ratios expected in tetraploids depend on the 
frequency with which aossing over occurs between the centromere 
and the locus of the gene being studied. Since this has so far 
been determined only from the observed ratios themselves, and 
since the relation between the two is somewhat involved, we shall 
not consider it further here. 


ORIGIN OF POLYPLOIDS 



It occasionally happens inmost plants and animals that, through 
irregularities in meiosis, non-reduced spores or gametes are pro- 
duced. As a result of the formation of diploid gametes it is pos- 
sible for either triploids or tetraploids to arise, depending on 
whether one or both gametes are diploid. In most nor mal dip- 
loids the frequency of formation of diploid gametes by such 
irregularities in meiosis is so low that the probability of obtaining 
tetraploids by the chance meeting of two such gametes is prac- 
tically zero. 

Through breakdown of the synchronism between chromosome 
multiplication and division of cytoplasm during mitosis, it is pos- 
sible for diploid cells to give rise to tetraploid cells. The de- 
scendants of such cells give rise to islands or sectors of tetraploid 
cells. If such sectors happen to be in the germ line, diploid 
gametes or spores are formed as the result of normal meiotic 
divisions. The results are, of course, essentially the same as those 
following non-reduction at meiosis. The frequency of such 
somatic doubling of chromosomes can be greatly inaeased arti- 
ficially. Randolph has been successful in inducing tetraploidy in 
maize by short sub-lethal heat treatments applied soon after 
pollination. This may double the chromosome number during the 
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first division of the fertilized egg, and thus give rise to an entire 
tetraploid plant. Self-pollination then establishes a tetraploid 
strain. Grosses between tetraploids and diploids give triploids 
in Fi. 

Decapitation of such plants as tomatoes leads to the production 
of new shoots from adventitious buds in the callus tissue formed 
at the cut surface. For some unknown reason such shoots are 
frequently tetraploid. Either sexual or vegetative reproduction 
from such shoots can be made use of in establishing a strain with 
the double number of chromosomes. It has been found recently 
that treatment with the alkaloid colchicine greatly increases the 
frequency of somatic doubling of chromosomes in a number of 
plants. Decapitation followed by treatment with indole-3-acetic 
acid (a plant growth hormone) has been found to lead to a 
similar end result in tobacco. 

HAPLOIDS 

In connection with polyploids, it is convenient to consider 
organisms with a single complete set of chromosomes. These 
are known as haploids. The gametophyte phase of plants is, of 
course, regularly haploid; and in most of the lower plants, Thallo- 
phytes and Bryophytes, this is the conspicuous phase. Haploid 
sporophytes are known in many species of higher plants as excep- 
tional individuals. Incidentally, the fact that the sporophyte 
can be haploid and the gametophyte diploid shows that the normal 
haploid-diploid relation between gametophyte and sporophyte is 
not a causal one. Exceptional haploid individuals may occur in 
many animals. A number of species of animals— all of the 
Hymenoptera (bees and wasps), several other insects, and a few 
other forms— regularly have haploid males (see further discussion 
in Chapter XVI). 

Meiosis in Haploids.— In sporadic haploids, meiosis is irregular 
as a result of the absence of chromosome pairing. Since each 
chromosome is represented only once, only univalents are present 
at the first meiotic division. These are distributed to the two 
poles more or less at random. Most of the spores or gametes 
will be deficient in several chromosomes. With random distribu- 
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tion of the univalents in a maize haploid, only one ten-chromo- 
some spore in 1,024 divisions is expected, Le., one in 2^®. As a 
consequence of these and other irregularities in chromosome 
behavior, haploids are characteristically highly sterile. An inter- 
esting use can be made of monoecious haploid plants in obtaining 
homozygous types. Obviously, if a haploid produces offspring 
by self-fertilization, such offspring will be completely homo- 
zygous; the two sets of homologs are immediate descendants of 
a single set. 

In species of animals in which the males are regularly haploid, 
meiosis is modified in such a way that sperms are produced with- 
out a reduction in the chromosome number. Thus, in many of 
the Hymenoptera spermatocytes undergo a first meiotic division 
in which one of the products is an abortive cell with no chromo- 
somes. The daughter cell containing all the chromosomes then 
undergoes a regular second meiotic division, as a result of which 
two haploid spermatids are formed (page 249) . 

Haploid Parthenogenesis. — ^Haploid males in Hymenoptera 
regularly arise as the result of the direct development of an egg 
without fertilization, a process known as haploid parthenogenesis. 
In this order the regular rule is that fertilized eggs develop into 
diploid females and unfertilized eggs into haploid males (see 
page 248). Haploid parthenogenesis may occasionally occur spon- 
taneously in species belonging to other groups. In many species 
it may be induced artificially. Haploid parthenogenesis may be 
followed by somatic doubling early in development, giving rise to 
matroclinous and completely homozygous diploids. Diploid 
parthenogenesis, with the formation of a single polar body, and no 
reduction in chromosome number, is a normal occurrence in the 
life-cycle of aphids and many other animals. 

PHENOTYPIC CHARACTERISTICS OF POLYPLOIDS 

Haploids and autopolyploids are phenotypically different from 
diploids of the same species. In general, triploid and tetraploid 
plants are larger, darker green, and generally more vigorous than 
diploids. Triploid and tetraploid females of Drosophila are 
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larger and have a more **robust” appearance than diploids. Hap- 
loids are characteristically smaller and less vigorous than diploids. 
Within an autopolyploid series, there is usually a more or less 
close relation between cell size and chromosome number. Thus, 
Navashin's measurements of dermatogen cells in Crepis capillaris 
show 1.8, 4.0, 6.0, and 9.0 respectively as the volumes (in 1,000 
Gu. ft) for in, 2n, 3n, and 4n plants. This difference in cell size 
is often taken advantage of in detecting polyploids phenotypically. 
Triploid females in Drosophila can be recognized by the size of 
wing cells, for example. The method has even been used in 
certain groups of plants by Sax and Sax for herbarium specimens 
by determining the density of stomata, which is related to cell size. 

ALLOPOLYPLOIDY 

An interspecific hybrid in which one parent was an auto- 
tetraploid and the other a diploid has two complete sets of 
chromosomes from one species and one set from the other. The 
chromosome sets from different species that are present in such 
an allotriploid need not necessarily be alike in the number of 
chromosomes present. As an example of such an allotriploid, 
the hybrid between Zea mays (maize; n z= 10) and an auto- 
tetraploid form of the related species Tripsacum dactyloides 
(n = 18) may be cited. This intergeneric hybrid, which can 
only be obtained by the use of special methods, has 46 chromo- 
somes — ^two sets of 18 from Tripsacum and one set of 10 from 
maize. In this case, studied by Mangelsdorf and Reeves, as in 
many similar ones, the homologs in the two like sets from Trip- 
sacum pair to form 18 bivalents and the 10 maize chromosomes 
remain as univalents. The univalents are apparently distributed at 
random at meiosis, whereas the bivalents are distributed regularly, 
one set to each pole. 

Raphanobrassica.— In a great many hybrids between diploid 
species of plants the chromosomes are sufficiently dissimilar that 
there is little or no pairing of chromosomes at meiosis and only 
univalents are formed. As a consequence of the irregular distribu- 
tion of these univalents, such hybrids are highly sterile. A 
sical example of a hybrid of this^ ^t^ that between the radish 
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(Raphanus sativus) and the cabbage (Brassica oleracea) . Each 
of these species has nine pairs of chromosomes. The hybrid, 
known as /'Raphanobrassica,** has been studied by Karpechenko. 
It is remarkable for its vigor (see discussion of heterosis, page 
276) , and is only slightly fertile. At meiosis there is little or no 
chromosome pairing. An occasional seed is set, however, and 



Fig. 107. ^The production of an allotetraploid. Species A and species B, 
each with three pairs of chromosomes, produce a sterile diploid hybrid! 
Doubling of the chromosomes then produces a fertile allotetraploid, with six 
pairs of chromosomes, three from A and three from B. ’ 

most of these arise from the fusion of unreduced eggs with un- 
reduced sperms. Plants from such seeds are fully fertile. At 
meiosis there are eighteen pairs of chromosomes. Each chromo- 
some of radish and each of cabbage is present in duplicate, and 
normal pairing occurs— radish chromosomes pair with radish 
chromosomes and cabbage chromosomes with cabbage chromo- 
somes (Fig. 107). Thus, although the plant^^ ^ tetraploid, it 
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possesses only pairs of chromosomes which are segregated at 
meiosis in the same manner as is characteristic of a diploid. Such 
an allotetraploid hybrid is not only fully fertile but is true-breed- 
ing. The characters by which the radish and cabbage differ have 
no opportunity to segregate because radish and cabbage chromo- 
somes never pair. 

Wicotiana tabacum — large number of true-breeding allo- 
tetraploid plant hybrids like that between the radish and the 
cabbage have been produced experimentally. They are often 
called am phidi plaids or double diploids. One example, studied 
especially by R. E. Clausen and collaborators, represents a new 
origin of the common cultivated tobacco (Nicotiana tabacum). 
This species has 24 pairs of chromosomes while many of its wild 
relatives have only 12 pairs. It was, therefore, early thought to 
be an allotetraploid^/ln hybrids with the 12-chromosome form, 
N. syivestris, there are 12 bivalents and 12 univalents, sug- 
gesting that one of the sets present in tabacum came originally 
from this species or one very much like it. Likewise in hybrids 
of N. tabacum and N. tomentosiformis there are 12 bivalents 
and 12 univalents, which suggests that the second set in tabacum 
came originally from tomentosiformis or from one of its very 
close relatives, of which several are known. Furthermore, the 
diploid hybrid between syivestris and tomentosiformis shows low 
chromosome pairing and resembles tabacum in many important 
respects. Many attempts to obtain doubling in this sterile hybrid 
have been unsuccessful, but recently, by using the indole-3-acetic 
acid treatment, previously mentioned, allotetraploids have been 
obtained. While studies of these allotetraploid hybrids are still 
in progress, it seems reasonably certain that Nicotiana tabacum, 
the cultivated tobacco, originated through the accidental doubling 
of the chromosomes in an otherwise sterile hybrid between two 
wild species— presumably a hybrid between species very similar 
to the now-existing species, N. syivestris and N. tomentosiformis. 

Segregation of Genes in Amphidiploids, — -Any locus present in 
each of the parental species will be represented four times in an 
amphidiploid. Starting with normal alleles at these two loci, a 
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recessive mutation at one of them would not be expected to show 
phenotypic effects, because of the presence of the normal allele 
at the second locus. A second mutation involving the second 
locus, however, would enable the character to show. Thus, differ- 
entiating the alleles at the two loci to indicate their independence 
in segregation, we can have any one of the following conditions: 



Locus I 

Locus 2 


(I) 

+/+ 

+/+ 

Normal — ^no segregation 

(2) 

+/+ 


Normal — segregation for gene 43 but 
without phenotypic effect 

(3) 

+/+ 

^2/ ^2 

Normal- — no segregation 

(4) 


+/ + 

Normal — segregation for gene 4^ but 
without phenotypic effect 

(5) 

+Ai 

+A2 

Normal — segregation for genes 4^ and 
42 giving 15:1 phenotypic ratio 

(6) 

H~/ “*1 

<^2 / ^2 

Normal— segregating for 4i giving a 
3:1 phenotypic ratio 

(7) 


+/+ 

Normal — ^no segregation 

(8) 


+A2 

Normal — segregating for 43 giving a 
3:1 phenotypic ratio 

(9) 



Non-segregating — ^mutant phenotype 



It is evident, then, that in order to have a recessive mutant char- 
acter show there must occur two independent mutations of the 
gene involved. Furthermore, 15:1 ratios might be expected to 
occur rather frequently in allopolyploid forms. This is apparently 
the case; many 15:1 ratios are found in species of this type. 
This does not mean, of course, that 3 : i ratios for recessive mutant 
characters to not occur in such forms. Inspection of the pos- 
sibilities enumerated above shows at once that if a recessive gene 
mutation occurs at one locus and becomes homozygous before a 
similar mutation occurs at the second locus, the second mutation 
will, on segregation, result in a 3:1 ratio. While 15:1 and 63:1 
ratios are not necessarily diagnostic of allopolyploidy, they do raise 
a presumption of this condition. Ratios of 15:1 do occur in 
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species for which there is little evidence of polyploidy, and 
Sprague has further shown that two heterozygous gene pairs con- 
cerned with scutellum color in maize may give either a 9:7 or a 
15:1 ratio, depending on whether a third gene is homozygous for 
its recessive allele or for its dominant allele. 

Monosomic Types.— As might be expected, spores carrying one 
less than the diploid number of chromosomes may give viable 
gametophytes in allotetraploid plants. Consequently, it is pos- 
sible to maintain strains in which some plants are deficient in one 
entire chromosome. Such plants are, strictly speaking, — i 
in constitution, but, because of the diploid-like character of allo- 
tetraploids they have been referred to as monosomic types. A 
number of such monosomic types are known in Nicotiana tab- 
acum (Clausen), and they are useful in various ways in genetic 
studies. For one thing, they have distinct phenotypic effects on 
the plant. In N. tabacum there are 24 monosomic types possible. 
Of these, at least 20 are known. The monosomic type in tabacum 
known as * 'fluted,” may be used as an example of the behavior of 
these types. Fluted tabacum crossed with tomentosiformis, one of 
the supposed parents of tabacum, gives (in the fluted hybrids) 
II bivalents and 13 univalents, whereas in crosses of fluted 
tabacum and the other supposed parent, sylvestris, fluted hybrids 
are obtained with 12 bivalents and i i univalents. This shows 
that fluted is deficient in a chromosome (the "F” chromosome) 
originally derived from the tomentosiformis parent. There is a 
well-known recessive mutant form of tabacum known as '*mam- 
moth.” Mammoth tabacum on the appropriate genetic back- 
ground has many broad leaves, and for this reason is extensively 
used in commercial tobacco culture. In crosses of fluted tabacum 
with mammoth tabacum, all the fluted plants in the Fi generation 
are also mammoth. This shows immediately that mammoth is 
normally carried in an 'T” chromosome. The principle made use 
of here is the same as that of sex-linkage or of sectional deficiency. 

Spartina townsendii.- — ^There are many cases of the origin 
under controlled conditions of true-breeding amphidiploid hybrids 
similar to those discussed (see Darlington’s Cytology for lists of 
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these). Wild species of plants as well have originated in this 
way. One of the clear cases is that reported by Huskins for cord 




Fig. io8. — ^The production of a fertile allopolyploid combining the com- 
plements of three original species. The diploid hybrid between A and B under- 
goes doubling, and the resulting fertile hybrid crosses with C. In this way is 
produced a sterile hybrid with the haploid complement of each original species ; 
doubling of its chromosomes again gives a fertile hybrid. 


grass, Spartina townsendii. This species was not recorded by 
systematists until 1870, at which time it was known to occur in 
two small patches on the south coast of England. Taxonom- 
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ically, it combines the characters of both S. alterniflora and S. 
stricta, and it was long believed by taxonomists to be a hybrid 
between these species. This supposition was supported by the fact 
that the two regions where it first appeared were just those in 
which the two suspected parents overlapped in their distributions. 

Huskins found the chromosome numbers of the sporophytes to 
be 70 in S. alterniflora, 56 in S. stricta, and 126 in S. townsendii. 

f 

These chromosome numbers leave little doubt as to the correctness 
of the supposition that the species arose by hybridization followed 
by chromosome doubling. The new species has been very suc- 
cessful, has extended its range widely along the shores of the 
English channel, and has largely replaced its parental species 
wherever it has come into competition with them. 

Spartina townsendii is probably not a simple allotetraploid. 

Both its parents, judging from chromosome numbers, are probably 
allopolyploids themselves. Most cultivated wheats are without 
much question also complex allopolyploids. Some wild species i 

have seven pairs of chromosomes, others have fourteen, while the 
common cultivated wheats have twenty-one pairs. The latter are 
allohexaploids. The origin of true-breeding polyploids of this 
type is indicated in figure 108 as occurring in two steps, first, the 
formation of an allotetraploid hybrid between two species fol- 
lowed by the secondary occurrence of an allohexaploid hybrid 
between the allotetraploid and a third diploid species. The wild 
species ancestral to the modern cultivated wheats are not known 
with certainty, but a number of true-breeding allopolyploid hy- 
brids involving wild species have been artificially produced. 

Allopolyploidy and 'New Forms.— In the production of new ^ 

forms of cultivated plants polyploidy has been of the greatest im- 
portance. In the hands of the scientifically trained plant breeder 
the techniques of inducing polyploidy will undoubtedly continue 
at an increasing rate to make possible the development of new 
varieties of crop plants, fruits, vegetables, and ornamentals. In 
sexually propagated species such as wheat and oats, hybrid sterility 
can be eliminated by making use of allopolyploids. In many 
fruits and ornamentals which are reproduced by asexual means the j 
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the sexual diploid forms have 30 pairs of chromosomes while the 
parthenogenetic form is a tetraploid. Ail of these parthenogenetic 
forms have circumvented the difficulties attending polyploidy by 
resorting to a form of asexual reproduction. 
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Problems 

1. A plant heterozygous for the two genes a and b gives a 9:3:3:! 

ratio when selJf -fertilized. Its chromosomes are doubled to pro- 
duce an autotetraploid of the constitution -PZ+A/^ 

Assuming no crossing over between these genes and the centro- 
meres, and complete dominance, what ratio will such a plant 
give when progeny are produced by self-pollination.^ 

2. What ratio will an autotetraploid plant give among its offspring 

produced by self-pollination if it was derived' by simple somatic 
doubling of the chromosomes of a diploid that give a 9:7 ratio 
of selfing? Make assumptions similar to those indicated in the 
preceding problem. 

3. If the locus of gene a gives no crossing over with the centromere, 

how could one get a plant of the constitution a/ a/ a/ a from an 
autotetraploid of the constitution -|~/+/+/^- Assume the 
organism to be a plant which can be either self -pollinated or 
outcrossed. For each step of the process give the proportion of 
plants expected of the constitution necessary for the succeeding 
step. 

4. In a species of plant that can be either selfed or outcrossed, how 

could you distinguish an autotetraploid of the constitution 
from one of the constitution Give 

ratios wherever your proposed method makes use of these. 
Assume gene a to give no crossing over with the centromere. 

5. Starting with three related diploid species of plants, outline the 

procedure you would use to get a true-breeding allohexaploid 
with chromosomes that formed simple pairs at meiosis. 

6. East obtained a haploid tobacco plant (sporophyte), from which, 

through the production of viable haploid gametes, he obtained a 
completely homozygous diploid strain. This strain was at first 
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CHAPTER XX 


SPECIES DIFFERENCES 

Genetics is concerned with the origin, development, and in- 
heritance of differences between individuals. One of the most 
obvious and familiar classes of differences is that which dis- 
tinguishes different species. One does not have to be a biologist 
to perceive the existence of species; language itself recognizes 
them. One has only to think of the associations that go with the 
words cat, lion, tiger, leopard, puma, jaguar, to form a picture 
of specific diversity— for each of these words is the name of a 
species in the single genus Pelis, 

Systematics. — Systematic biology is concerned with the recog- 
nition, naming, and describing of species, together with their 
habits and geographical distribution. Like some other branches 
of study, it suffers from the awkward circumstance that no two 
authorities can agree on a definition of the fundamental unit, 
species, with which it deals. Most biologists who have studied 
the matter are convinced that the species concept is a valid and 
useful one; but they cannot agree on a definition — and often can 
come to no working agreement with respect to particular ex- 
amples. Some groups of organisms — ^such as the sedge genus 
Carex, the American forms of Aster, or the parasitic flies of the 
fanrtily Tachinidae — -are notoriously difficult for the taxonomist; 
others are relatively simple — ^though in the most orthodox of 
groups there is always likely to be a section where species are not 
easy to delimit. 

Discussions of this question have filled many volumes, and 
more are being written every year. Most of the recent ones are 
based in part on the results and principles of genetics. We shall 
describe some of the contributions that genetics has to make, 
especially with respect to two subjects: the ways in which related 
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species differ and agree in their genetic constitutions, and the 
nature and inheritance of interspecific sterility. 

SPECIES HYBRIDS 

When two distinct species are crossed, the hybrids are usually 
partially or completely sterile. We shall take up first the genetic 
results obtained in cases where the sterility of the Fi is not com- 
plete. In a few cases, certain specific differences have been shown 
to depend on differences in a single locus. East has shown that 
Nicotiana langsdorfii and N. alata differ by many genes. Most of 
the differences are of multiple gene nature and are therefore dif- 
ficult to analyze in detail. Among the characteristic differences, 
however, there are two, each of which is differentiated by a single 
gene pair. One of these controls flower color and the other is 
concerned with pollen color. In a similar way, Detlefsen found 
that the guinea pig, Cavia porcellus, differs from the wild C. 
rufescens in many gene pairs, one of which determines the color 
of the coat on the ventral side of the body. In these and similar 
cases, it should be emphasized that these specified genes are not 
the only ones in which the species differ — ^they are merely the 
ones that give simple results. Actually such differences are excep- 
tional; the rule is that specific differences are dependent on many 
genes, each of which has a slight phenotypic effect. Most fertile 
species hybrids give in F2 extreme examples of the kind of mul- 
tiple gene segregation described in Chapter XVIL 

Maize-teosinte Hybrids. — ^Another example showing the kind 
of inheritance typical of characters in which species differ is found 
in hybrids between maize (Zea mays) and annual teosinte 
(Euchlaena mexicana) studied by Collins and Kempton, by Man- 
gelsdorf, and by others. Each of these plants has 10 pairs of 
chromosomes and the hybrid between them is not highly sterile. 
The two species are very different morphologically. Maize has 
the complex pistillate inflorescence familiar to all as the *'ear.” 
Teosinte has a pistillate inflorescence made up of two rows of 
seeds imbedded in an alternate manner in bony joints of a simple 
rachis (Fig. 109) . There are other differences, and the Fi hybrid 
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is more or less intermediate for most of them. One of the dif- 
ferences, that of whether pistillate spikelets are borne singly or 
in pairs, may possibly be due to a single gene pair. The F2 
generation of this hybrid gives a variety of intermediate forms, a 
small percentage somewhat maize-like and others more like the 
teosinte parent. This hybrid is unusual in one respect — ^the two 
parents are put in separate genera — and it is not often found that 
intergeneric hybrids are as fertile as is this one. This fertility of 


Fig. 109. — ’’Ear” of teosinte (Euchlaena), with a single kernel of maize for 

comparison. 


the hybrid may be taken as an indication that the two forms are 
not as widely different as might be supposed from the morpho- 
logical differences. They perhaps should not be put in separate 
genera. 

Drosophila melanogaster-simulans Hybrids. — In eases where 
the Fi hybrid is completely sterile it is sometimes possible to 
compare the genetic constitution of two species. One method is 
illustrated by the comparison between Drosophila melanogaster 
and D. simulans. A series of recessive mutant types has been 
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found in each of these species. If a recessive, of either species, is 
crossed to the wild-type of the other species the resulting Fj is 
wild-type. That is, each species carries the dominant alleles of 
the recessive mutant genes known in the other. Many of the 
types found in the two species are phenotypically similar; allelism 
of the genes concerned may be tested by crossing. In melano- 
gaster there are four similar recessive eye-colors — ^vermilion, cinna- 
bar,^ scarlet, and cardinal. Two types of this kind are known 
in simulans. Crossing the homozygous mutant strains of simulans 
to each of the four in melanogaster gives these results: one type 
gives the characteristic bright-eyed mutant phenotype in Fi when 
crossed to vermilion, wild-type when crossed to cinnabar, scarlet, 
or cardinal; the other gives the mutant phenotype when crossed 
to scarlet, wild-type when crossed to any of the other three. 
Evidently, then, the two mutant genes in simulans are allelic to 
vermilion and to scarlet, respectively. Tests of this kind have 
established the allelism of mutant genes in 29 different loci in 
each species. The linkage maps show these 29 loci to be dis- 
tributed in much the same way in the two species; there are the 
same four linkage groups, with no exchanges of materials. The 
sequences within each group differ only in that simulans has a 
long inversion in the right limb of chromosome 3, as compared 
to melanogaster; there are only minor differences in the fre- 
quencies of crossing over in the various regions of the three long 
chromosome pairs. These genetic results have been confirmed 
by an examination of the salivary gland chromosomes of the Fj 
hybrids. The large inversion in chromosome 3 is easily observed; 
there are also a few other short sections that differ, in ways that 
are not yet clear. Otherwise the salivary gland chromosomes do 
not suggest the hybrid nature of the flies from which they came. 

These two species are very similar morphologically as well as 
genetically and cjiiologically. Their mitotic chromosomes show no 
differences, and it takes practice to distinguish the adult flies. The 
detailed resemblance in their genetic makeup is apparently excep- 
tional, if one may judge from other, less complete comparisons 
that are possible in Drosophila. 
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Drosophila pseudoobscura-miranda Hybrids.— D, pseudoob* 
scura and D. miranda give an almost completely sterile hybrid, 
the salivary gland chromosomes of which have been studied by 
Dobzhansky and Tan. The cytological picture is very complex 
here, and quite different from that encountered in any intraspe- 
cific hybrid. It appears that 50 or more breakage-points with sub- 
sequent rearrangements must be supposed to have occurred since 
these species diverged. There are about five short pieces deleted 
from one chromosome arm and transferred to another; the re- 
maining rearrangements are inversions, each within a single arm. 

More Remote Species.— These two species are still closely re 
lated; when one studies more distantly related forms of Dro 
sophila, both the indicated methods of comparison become useless. 
Such remote forms cannot be crossed, so allelism of mutant genes 
and cytology of the hybrid are both impossible to study directly. 
Comparison of the structure of the salivary gland chromosomes is 
also unavailing; D. melanogaster and D. pseudoobscura are, in 
this respect, the two best-known species— and not a single section 
of the chromosomes of one of them has yet been identified in the 
other. 

Chromosomes of Drosophila Species. — ^The chromosome con- 
figurations found in a series of species of Drosophila are shown 
in figure no. Inspection of this figure indicates that rather 
extensive changes have occurred in the evolution of these species. 
Much of the diversity appears to concern the heterochromatin; 
melanogaster, pseudoobscura, virilis, funebris, and hydei may be 
supposed to differ only in heterochromatic material and centro- 
mere attachments; this is certainly too simplified an interpretation, 
but there are grounds for concluding that it represents a first 
approximation to the facts. 

Parallel Mutations. — -Mutant types have been studied in most 
of the species illustrated, and many of these are closely similar. 
As shown above, such similarities between the types of melano* 
gaster and simulans can sometimes be shown to be due to allelism. 
When the species compared cannot be crossed, such comparisons 
become much more dubious; nevertheless, one striking result is 
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that mutant types, in every species of Drosophila studied, that 
show clear and unambiguous resemblances to known sex-linked 
types of melanogaster, are themselves sex-linked. There is a 
single clear exception to this rule — ^bobbed in ananassae is auto* 
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Fig. no. — ^Haploid chromosome groups of a series of species of Drosophila. 
In every case the lower chromosome is the X. Shaded regions are "active" or 
euchromatic, unshaded are heterochromatic. The proportions of the several 
arms and the extent of the heterochromatin are only approximately correct. 

somal. It may be concluded that the genes that lie in the X of 
melanogaster also lie in the X’s of the other species. The con- 
verse of this rule does not hold; comparison of mutant types 
agrees with the cytological picture in suggesting that the X of 
pseudoobscura includes a whole arm that is autosomal — ^probably 
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the left limb of the third chromosome — ^in melanogaster. It must 
be emphasized that the comparisons with which we are here con- 
cerned are rather speculative, and are not easily subject to experi- 
mental verification. Their justification is merely that they have 
not yet led to serious inconsistencies. 

Differences among Drosophila Species. — ^It can be concluded 
that inversions are usual, translocations occasional, and fusions 
and breakages at or near centromeres also occasional, in the course 
of events leading to the differentiation of species of Drosophila. 
Gene mutations must also be assumed, and to them are probably 
to be attributed the phenotypic differences on which specific de- 
scriptions are based. Their number cannot be estimated in Dro- 
sophila, owing to the sterility of the hybrids. 

INTERSPECIFIC STERILITY 

One of the implications of the term species is that groups so 
designated represent relatively isolated populations, the genes of 
which are not freely interchanged. There are many isolating 
mechanisms that serve to prevent such interchanges. A rough 
classification of these mechanisms follows: 

1. The two groups of individuals do not cross, for one of the 
following reasons: 

{a) Geographical — i.e,, they occupy different areas and 
never have an opportunity to cross. 

\b) Mechanical—/.^., the sizes of the animals or the shapes 
of the parts make mating impossible. 

(r) Psychological—/.^., sexual stimulation is not sufficient 
to induce cross-mating. 

[d) Physiological—/.^., such relations occur as in the case 
of plants in which the pollen tube of one species will 

2. The hybrid zygote is formed, but is inviable. This is the rela- 
tion found in such crosses as that between the rat and mouse, 
or fowl and turkey; in both cases embryos are formed, but die 
at an advanced stage. In other cases death occurs quite soon 
after fertilization. 
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3. Mature hybrids— often especially vigorous— are produced, but 
are sterile. The mule is the most familiar example of this 
type. The sterility of the Fi hybrid may itself be due to a 
variety of causes; two main types may be distinguished: 

{a) Failure of regular pairing and segregation at meiosis, 
there being no system of definite pairs of chromosomes 
present. This case has already been discussed in Chap- 
ter XIX, where it was shown that doubling the num- 
ber of chromosomes remedies the difficulty and leads 
to the production of a fertile allotetraploid, in which 
pairing and meiosis are again regular. 

[b) What has been called genic sterility also occurs. In 
this case doubling of the chromosomes does not lead to 
fertility, since the difficulty does not He in failure of 
conjugation. In some such cases many bird 

hybrids, and the melanogaster-simulans hybrids re- 
f erred to above) the degeneration of the germ-cells 
sets in before meiosis begins. 

Primula kewensis.— One of the earliest cases studied cyto* 
logically furnishes a curious modification of the two types just 
discussed. The two primrose species, Primula verticillata and P. 
floribunda, each have nine pairs of chromosomes; their hybrid, 
known as P. kewensis, was obtained as a sterile diploid, propa- 
gated vegetatively. Eventually a tetraploid branch appeared, and 
this was at once seed-fertile. The tetraploid strain is regularly 
grown as an ornamental. The unusual circumstance in this case is 
that pairing and meiosis appear quite normal in the diploid hybrid 
—the sterility of which is therefore unexpected. It remains un- 
certain whether the cause lies in a developmental difference be- 
tween the diploid and tetraploid plants—/.^., the case belongs in 
subdivision **b*' above— or whether independent segregation of 
the nine normally paired chromosomes in the diploid gives so 
many inviable gametophytes that their degeneration spoils the few 
good ones that must be supposed to be present. 

Genic Sterility*— "Genic"’ sterility is evidently due to the ac- 
tion of complementary genes, derived from the two parents. Only 
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in this way can one picture the formation of a sterile Fi from the 
crossing of two strains each of which breeds true for fertility. 
There exist cases in which one of the parent strains is not homo- 
geneous for such a complementary gene; in these cases the analysis 
can be carried out. 

One example of this general nature was studied by Hollings- 
head in Crepis. If C. capillaris is crossed to certain strains of 
C. tectorum, the hybrids are fully viable; if other strains of 
tectorum are used the hybrids are extremely abnormal and do not 
develop beyond the cotyledon stage. Crosses between the two 
strains of tectorum used give no aberrant plants, either in Fi or F2; 
but tests show that the difference in reaction of the two kinds of 
hybrid plants is due to a single pair of alleles, for which tectorum 
is heterogeneous. These alleles are without any detected pheno- 
typic effect in tectorum. 

Races of Drosophila pseudoobscura. — ^When interspecific ster- 
ility is complete, it is, in the nature of the case, impossible to 
study its inheritance. The inheritance of incomplete sterility has, 
however, been investigated. Perhaps the most thoroughly anal- 
yzed example is that of the two ‘Taces” of Drosophila pseudo- 
obscura, discovered by Lancefield and more recently studied by 
Dobzhansky and others. This species, common in western North 
America, exists in two races, called A and B, that have some of 
the properties of distinct species. Individual specimens cannot be 
distinguished by eye, but there are slight average differences in 
structure and more definite ones in physiological properties— 
especially in that race A is relatively more tolerant of high tem- 
perature. The geographical distribution is different, B being 
limited to the northwestern part of the area, A occurring in most 
of this region and in a much wider one as well. The striking 
difference, however, is this: if the two races are crossed, ail the 
Fi males are sterile. There are two proofs that this sterility is 
genic, and not due to absence of chromosomes sufficiently alike 
to pair: occasional tetraploid cysts occur in the hybrid testes, and 
do not form normal sperm; and the Fi sisters of these same males 
are reasonably fertile. This latter point has made it possible to 
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carry the analysis further, by studying the offspring of the A-B 
hybrid females when back-crossed either to A or to B males. The 
genetic basis of the sterility is found to be complex. There are 
at least three major differences and several minor ones, of such 
a nature that fully fertile males are produced only when all alleles 
in the loci concerned were derived from one of the two parent 
races. Cytologically, the two races differ in several inversions; 
but only three of these are invariably present. Greater differ- 
ences than this occur within race A without leading to any 
detectable sterility. Here, then, we have direct evidence that 
sterility is dependent on complementary genes. 

The origin of specific differences has been one of the most 
discussed topics in biology for eighty years— since the publication 
of Darwin’s "Origin of Species.” We have outlined the evidence 
as to the nature of the differences that exist; both gene differences 
and differences in chromosome organization (inversions, trans- 
locations, polyploidy, etc.) occur. Given an initial separation into 
populations that do not interbreed, the accumulation of such dif- 
ferences is not difficult to imagine. The real difficulty is in pictur- 
ing the origin of the isolating mechanism that produces two such 
separate populations. 

One solution of this problem has already been given — that of 
allopolyploidy. This process leads to the production at once of 
a new and fertile type. Such a type is commonly isolated from 
the very beginning; tetraploid Raphanobrassica, for example, 
crosses only rarely either with radish or with cabbage. Even if 
seeds are produced by an allotetraploid crossed with one of its 
diploid parents, the hybrids are usually triploid and highly sterile. 
There can be no doubt that this method of specific difiFerentiation 
has played a large role in the evolution of hermaphroditic plants. 

Polyploidy is not a likely mechanism of specific differentia- 
tion in dioecious animals, and cannot be supposed to be the only 
one at work in plants. It is difficult to picture in detail, but there 
can be no doubt that the complementary gene mechanism, now in 
process of development in &epis tectorum and in Drosophila 
pseudoobscura, often lies at the basis of species differentiation. 
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Problems 

1. Hairless in Drosophila melanogaster is a dominant mutant type, 

the gene having also a recessive lethal effect. A similar char- 
acter, with the same properties, was found in D. simulans. How 
would you test the possible allelism of these two? 

2. The relation between the attachments of the chromosome arms in 

D. melanogaster and D. pseudoobscura indicated in the text is 
based in part on the following parallel types in D. pseudo- 
obscura: yellow, miniature, bobbed, cinnabar, delta, white, scar- 
let, brown, star, echinus, vermilion, forked. How are these dis- 
tributed in the linkage groups of D. pseudoobscura? 

3. What is the difficulty in supposing that interspecific sterility arose 

by a single mutation, the two types AA md aa giving a sterile 
heterozygote? 
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EXTRACHROMOSOMAL INHERITANCE AND 
MATERNAL INFLUENCES 

The question may be asked: Is all heredity due to genes car- 
ried in chromosomes, or are other bodies also to be taken into 
account? In what follows we shall confine our attention to higher 
organisms, in which definite chromosomes are present; the situa- 
tion in such organisms as bacteria or blue-green algae, in which 
chromosomes seem to be absent, is too confused to be discussed 
profitably — especially since these forms have no sexual reproduc- 
tion, without which most of the geneticists' standard techniques 
cannot be used. 

PLASTIB INHERITANCE 

in the higher plants it is clear that one set of bodies other than 
the chromosomes does carry its own independent series of in- 
herited properties— namely the chloroplasts. Histological study 
shows that in seed-plants the chloroplasts develop from small 
bodies known as proplastids; there is some evidence that pro- 
plastids divide, but their origin is not altogether clear, owing to 
their small size and to the difficulty of distinguishing them from 
other granules. The genetic evidence, however, is less ambiguous. 

Genes Influencing Plastids. — ^Variations in plastid color are 
common in seed-plants; we have already referred to white seed- 
lings in maize, and varioizs degrees of yellowness or paleness of 
the green color are also frequent in most seed-plants. The 
majority of these types are due to recessive gene mutations, and 
are inherited like other characters due to genes in the chromo- 
somes. It is clear, then, that the colot of the plastids is influenced 
by the genes. There are, however, other plastid variations, pheno- 
typically sinoflar to these, that are inherited only through the 
female line. 
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Maternally Inherited Plastid Characters. — Correns studied 
such a form in the Four-o’clock, Mirabilis jalapa. There is a 
strain, known as albomaculata, in which the leaves are irregularly 
mottled with green and yellowish white (Fig. in). The dif- 
ference in color is due to the color of the individual plastids, 
which are either dark green or very pale. Near the boundaries 
between two areas may be found cells in which both kinds of 
plastids are present. Evidently these are disposed at random at 
cell division, and the green and white areas represent descendants 
of cells which have, by chance, come to contain only one type of 



Fig. III.-— Variegated leaf of Four-o’clock (Mirabilis). The dark areas 
have normal green chloroplasts, the white areas have colorless ones. (After 
Correns.) 

plastid. Such uniform areas may include whole branches. If 
the flowers on such branches are pollinated, the resulting seeds on 
the wholly green branches give rise only to green seedlings, those 
on the white branches only to white ones, which die because of 
lack of photosynthesis after they have used up the reserves 
present in the seed. Seeds from mosaic branches give a mixture 
of green, white, and mosaic seedlings. These relations hold 
whether the pollen be obtained from the mosaic plant itself or 
from a normal green plant. If a normal green is fertilized by 
pollen from any flower on the mosaic plant, only green seedlings 
are produced in Fi and F2. In short, the egg determines the 
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nature of the plant produced, and the nature of the egg depends 
on whether it happens to carry green plastids, pale ones, or both. 
Cases quite like this are known in many species of plants. 

Plastids in Oenothera Hybrids. — ^Renner has studied the gen- 
etic behavior of the plastids in Oenothera. It appears that each 
species has its own characteristic plastids, which retain their spe- 
cific properties even when kept for many generations in plants 
that have genes characteristic of other species. Oe. hookeri is a 
California species, homozygous and true breeding; we have al- 
ready referred to Oe. lamarckiana as a balanced heterozygote, 
made up of the two complexes velans and gaudens. Reciprocal 
crosses of these two plants show that lamarckiana plastids give 
pale green seedlings in hookeri-velans or homozygous hookeri 
plants. These seedlings gradually become darker green as they 
develop, and produce fertile plants. The results in Fi are as fol- 
lows; 

hookeri X lamarckiana — > green gaudens-hookeri, green velans-hookeri 
lamarckiana X hookeri green gaudens-hookeri, pale velans-hookeri 

If the gaudens-hookeri Fi plants are pollinated by hookeri, 
there result two types of plants— gaudens-hookeri and homo- 
zygous hookeri. The former are always green, the latter are 
green if the Fi came from the first mating above, pale if it came 
from the second one— r.e., if it carried lamarckiana plastids. 
Other matings confirm the conclusion stated above: Lamar ckiana 
plastids give pale plants if the genes are of the kinds present in 
velans and hookeri, green plants in the presence of gaudens genes. 

Oenothera differs from some other plants in that occasional 
plastids are brought in by the pollen. Random sorting of these 
during the early development of the embryo leads to the produc- 
tion of patches of tissue with paternal plastids. The result is that 
the Fi pale plants described above often have patches of dark 
green tissue. Such patches are never present if the pollen parent 
carried lamarckiana plastids. When the dark green areas are 
present, they may include whole branches; the flowers on these 
behave, on crossing, as do whole plants with hookeri plastids. 
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There can be no doubt that, in Oenothera and in seed-plants 
in general, the development of the plastids is dependent on the 
interaction of their own inherent properties with those of the 
genes. The plastids are capable of indefinite reproduction; while 
their phenotype is partly dependent on the genes that occur with 
them, they have permanent properties that are maintained without 
regard to the genes. 

Male-sterility in Maize. — ^There are other characters in plants 
! that are inherited in this same way. Rhoades has described a 
'’male-sterile*' type in maize. The abnormality is transmitted 
solely through the female line; though some fertile pollen is 
produclied, it does not transmit the male-sterility. Cytological 
study shows that the sterility is due to degeneration of the fully 
formed microspores, which differ from those of normal plants in 
the size, shape, and number of cytoplasmic elements that are prob- 
ably plastid-like in nature. 

Other Maternal Characters. — In some similar examples the 
character concerned does not have any obvious relationship to 
the plastids; but it remains possible that the maternally inherited 
element concerned is in the plastids. In order to establish the 
existence of another autonomous element involved in heredity, it 
is necessary to find cases in which the facts cannot be explained 
in terms of the two known elements— chromosomal genes and 
plastids. The exclusion of a possible plastid effect in green 
plants is difficult. Animals do not have plastids, and one may 
ask: Do they furnish evidence for the existence of any permanent 
' autonomous elements outside the chromosomes? 

MATERNAL EFFECTS 

Role of the Cytoplasm — ^Many embryologists have concluded 
that the cytoplasm is of primary importance in determining the 
nature of the individual, the chromosomes being concerned only 
^ in the differentiation of minor, relatively superficial characters. 

*1* This view, advanced by Boveri, Conklin, and Loeb, among others, 

I was formulated by Loeb in the statement that the cytoplasm deter- 

I mines the ’embryo in the rough," the genes in the chromosomes 
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if ' . 

I being responsible only for minor modifications of a general 

I ground plan determined independently of them. This view is 

based on the study of hybrids between widely different kinds of 
<1 animals. It is possible to fertilize or activate eggs of sea-urchins 

I ' by the sperm of crinoids^ or even of molluscs. The resulting 

I embryos do not develop far; but so far as they do go, they are 

I sea-urchin embryos, without any trace of the characteristics of the 

I j species from which the sperm came. It may be doubted if the 

!| I foreign sperm does anything more than induce parthenogenetic 

1 1 development in these cases; but in less wide crosses, where later 

! 1 development occurs and shows definite sperm influence, it is still 

I true that the earliest stages are of the type characteristic of the 

j species from which the egg came. 

: These and other experiments demonstrate that the cytoplasm of 

the egg contains the potentialities of early development; but they 
do not demonstrate that this property is due to self-perpetuating 
elements in the cytoplasm. It is probable that the genes in the 
chromosomes of the mother are ultimately responsible for all the 
I specific properties of the cytoplasm, as can be shown in certain 

, I instances. 



Coiling in Limnaea. — ^The fresh-water snail Limnaea normally 
has a dextrally coiled shell (Fig. 112), but races occur with 
sinistra! coiling, Le,, the shell is a mirror image of the usual type. 
The results of Boycott, Diver, and others, show that both types 
occur in true-breeding strains. If these are crossed, all of the Fi 
snails show the same type of coiling as the mother—/.^., dex- 
tral X sinistral dextral, sinistral X dextral sinistral. The 
animals are hermaphroditic, and isolated individuals reproduce by 
self-fertilization. F2 families obtained in this way are made up 
entirely of dextral individuals, whichever type of Fi is used. 
This result may be interpreted by supposing that there is a reces- 
sive mutant gene, r, for sinistral coiling. The direction of coiling 
of an individual is determined, however, not by its own genetic 
constitution, but by that of its mother — i,e., by that of the diploid 
oocyte from which the individual was derived. Thus a pure 
dextral strain is 4-/4., a sinistral one is s/s. All the Fi indi- 
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viduals are their coiling depends on which race the mother 
belonged to, but their offspring are all dextral. The test of the 
hypothesis comes from the behavior of the F2 individuals when 
they are allowed to produce an F3 generation by self-fertilization; 
three-fourths of them give dextral offspring, one-fourth give 
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Fig. 1 1 2.— Cleavage and adult shells of snails. At left, dextral type; at 
right; sinistral. The three small bodies in the upper figures are the polar bodies; 
their position marks the upper pole of the egg. Given this and the distinction 
between the planes of the first (I) and second (II) cleavage furrows, the two 
types of eggs may be seen to be mirror images of each other, with respect to 
the direction of the cross furrow. This mirror-image relation persists through- 
out development, and is evident in the direction of coiling of the adult shells. 

sinistrals (Fig. 113). It is thus possible for a phenotypically 
sinistral individual to produce either all sinistral or all dextral 
offspring, and the same two possibilities exist for a phenotypically 
dextral individual.^ 

Cases of this type are sometimes said to show maternal inhef' 

1 There are certain families in which further complications occur; the de- 
scriptions given here and the interpretation apply to the majority of strains. 
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kance — misleading term, since inheritance is perfectly normal, 
the unusual feature being that the phenotypic expression is de- 
layed a generation. In the present instance such a relation is not 
surprising, for embryological study shows (Crampton, Kofoid) 




+/s s/s +/+ +/s Vs 

1 2 I 1 2 1 
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Fig. 113.— Results of reciprocal crosses between dextral (+) and sinistral 
(s) races of Limnaea peregra. The inheritance is normal, sinistral being reces- 
sive; but the direction of coiling of the shell of an individual is due to the 
constitution of its mother. The F2 and F3 generations are produced by self- 
fertilization. 

that the two types of coiling are determined very early; they may 
be identified at the second cleavage. The relations here are illus- 
trated in figure 112, The top of the egg may be identified by the 
presence of the polar bodies; given this and the distinction be- 
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tween first and second cleavage furrows, the direction of the 
’‘cross-furrow” is diagnostic. 

The gene responsible for the direction of coiling may have 
been eliminated in a polar body (in the case of an F2 dextral that 
will give F3 sinistral offspring), but the time interval between the 
meiotic and second cleavage divisions is short — ^too short, as the 
results show, for the genetic composition established at fertiliza- 
tion to make over the pattern of cleavage. 

Delayed Expression of Characters. — ^Other examples are 
known in which there is a delay in the expression of a phenotype, 
the result being that individuals may show a phenotype dependent 
on genes no longer present. One relation of this sort is rather 
frequently found in pollen grains. We have already described 
the case of the waxy type of maize, where the kind of starch 
developed in a pollen grain is dependent on the genes carried in 
the grain itself. There are, however, other pollen characters that 
behave differently. In sweet peas, for example, there are strains 
with long pollen grains, others with round ones. The Fi plants 
produce only long grains, in F2 there are three plants with long 
grains to one with round ones. Here, then, the character of the 
gametophyte is determined by the genes present in the sporophyte 
that produced it— the shape of the pollen grains is already 
fixed before the completion of the meiotic divisions that lead to 
the formation of haploid microspores, and a heterozygote pro- 
duces half its pollen grains showing the dominant phenotype but 
lacking the dominant allele. 

CYTOPLASMIC INHERITANCE 

In all these cases the characters described are clearly under gene 
control; the only complication is that there is a delay in the expres- 
sion of the phenotype. These relations have no bearing on the 
original question from which their discussion arose— are there 
permanent autonomous elements other than chromosomes and 
plastids? A number of examples have been described in the 
literature which, taken at face value, do establish the existence 
of such elements. In none of these does the evidence seem to 
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US conclusive. Some of them are based on too few individuals to 
be critical, others involve complex experiments in which there 
are many opportunities for unsuspected errors to creep in, and in 
still others the possibility that the observed effects may be due to 
plastids or to ordinary genes has not been excluded. 

Failure to find evidence of such extra-nuclear, extra-plastid 
elements cannot be accepted as final proof that they do not exist. 
There are, however, so many experiments that have given negative 
results, that it seems legitimate to conclude that the existence of 
such bodies can be accepted only when clear and unequivocal 
proof is produced. 

Acetabularia. — One of the most striking results in this field is 
that which H^merling has obtained with the unicellular green 
alga Acetabularia, found in the Mediterranean Sea. This form 
has its nucleus in a basal root-like portion; from this portion 
arises a stalk, which is surmounted by a mushroom-like cap. 
There are two species, that differ markedly in the structure of the 
cap. If growing stalks are cut in two, and reciprocal grafts are 
made between the two species, each grafted tip of stalk will form 
a cap— and this cap is found to have the characteristic form of 
the basal portion of the composite—/.^., of the nucleus and not 
of the grafted stalk (with its contained chloroplasts) that actu- 
ally forms the cap. Here, then, the nuclear control is practically 
immediate and complete. 

Relation of Genes and Cytoplasm. — One may not conclude 
that the cytoplasm is of no importance in development. It is 
obvious that, if it were possible to dissect out a complete set of 
genes and place them in a vacuum, they would not produce an 
organism. j.ne cytoplasm is not only a necessary medium for 
the growth of genes and for the production of their specific 
effects; it is itself specific. There is abundant evidence that the 
rytoplasm of different species, and even of different individuals, 
has a highly specific composition. The question at issue, however, 
is: Is the specificity of the cytoplasm to be referred back to the 
specificity of the genes, or is it a permanent property that repro- 
duces itself regardless of the genes present? That is, do the 
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genes modify the nature of the cytoplasm, and, given time, 
mould it into a specificity determined by their own properties? 
At present the most probable answer to these questions is: Only 
the chloroplasts are known to have permanent properties inde- 
pendent of the genes in the chromosomes. 
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Problems 


1. In breeding Limnaea it is sometimes difficult to determine whether 

an individual has mated with another one or has self-fertilized. 
There is a recessive gene for albinism in the species, which does 
not show the delayed expression characteristic of direction of 
coiling. Show, in detail, how this gene may be used to estab- 
lish that cross-mating has occurred in experiments on the in- 
heritance of direction of coiling. 

2. Two different pale green types occur in a plant — one due to an 

inherent property of the plastids, the other dependent on a re- 
cessive gene. What is the result, in Fi and F2, of reciprocal 
crosses between the two pale types? 

3. In certain marine animals it is possible to obtain fragments of eggs 

that have no nuclei. In some cases these fragments may be in- 
duced to develop without fertilization parthenogenetically). 
Such development without nuclei never proceeds far ; but it has 
been argued that the occurrence of any development at all proves 
that the cytoplasm, rather than the nucleus, is the important ele- 
ment in heredity. Is this argument convincing? 
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GENES AND PHENOTYPES 

That there must be a relation between genes and hereditary 
characters is so obvious that it is often taken for granted without 
serious thought. This is because- the relations in most instances 
are more or less invariable and therefore apparently simple. That 
is to say, substitution of one allele of a gene for another in an 
organism, gives as the end result a simple change in a character, 
For example, the color of the coat in dogs is changed from black 
to brown following the substitution of one allele for anotlier 
We have considered many examples of "simple” characters of 
this kind in this book — ^thousands of them are known— and they 
naturally lead one to think of gene and character together, with 
little or no emphasis on what connects them in the processes of 
development. That the relations are not simple is at once evident 
when one pauses to consider them in detail. A mere enumeration 
of some of the characters that are influenced by genes is enough 
to make this clear. To choose a few examples more or less at 
random— genes are known that, under given conditions, control 
such diverse characters as dormancy of seeds in plants, chlorophyll 
development, flower colors, ability of blood to clot in man, dis- 
ease susceptibility in both plants and animals, mental ability in 
man, and ixmy others. In short, in a specified environment, 
genes determine what kind of an individual a representative of 
a given species is going to be. There can be little doubt that genes 
also determine to what species a given individual will belong. 
By logical extension, it can be argued that genes determine 
whether an organism is a plant or an animal, as well as what Ifinfl 
of a plant or animal. And, to carry these deductions still further, 
genes determine whether or not an organism is going to develop 
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There is no question that genes determine the nature of devel- 
opmental reactions and the direction in which they will lead— 
but what can be said about how genes do these things? This 
question of how genes act is one of the major unsolved problems 
in biology. It is, of course, inseparably tied up with the general 
problem of dijGFerentiation, a problem in which only recently have 
profitable leads been opened. 

Gene-character System. — ^To begin with, developmental reac- 
tions — ^reactions with which genes must be assumed to be con- 
cerned — form a complex integrated system. This can be 
visualized as a kind of three-dimensional reticulum— that is, 
many different but related reactions are going on simultaneously. 
It cai be assumed that reactions start with the immediate products 
of genes. These products then interact to give secondary products 
and so on. From such a picture as this it should follow that genes 
which influence reactions that come early in the network would 
influence many subsequent reactions and consequently, when they 
mutate, result in drastic modifications of the system, Le., have a 
good chance of being lethal. Mutant characters that are non- 
lethal, then, should, in general, be differentiated by genes that 
influence reactions that either come late in development or that 
form part of a sub-network or chain of reactions of less physio- 
logical importance; for example, ones having to do with certain 
pigment systems. 

Nature of Genes.— Since one is forced to assume that either 
genes themselves or immediate products of gene activity take 
! part in developmental reactions, it is pertinent to inquire into the 

nature of genes. Here, too, there is little in the way of facts to go 
on, and one is forced to resort to speculation. A reasonable sup- 
position is that genes either are proteins or are associated with 
proteins . In siz ^hey are of the order of large protein molecules 
an d it is the refore conceivable that they are single large molecules, 
f On the other hand, they may be ag gregates o f smaller mol ecules. 

Y Since genes are small in size and appear to be permanent (/.<?., 

I not used up during development), it has several times been sug- 
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gested that they might act directly as enzymes in catalyzing reac- 
tions, or might produce enzymes as immediate products. 

Method of Direct Study of Genes — -It is evident from purely 
a priori considerations that it is possible to attack the problem of 
the relation of gene and character from either the gene end or the 
character end of the reaction system. In practice, however, it is 
usually difficult to start at the gene end. The gene itself is an 
unknown quantity and the number of ways of finding out more 
about it have so far remained strictly limited. A study of induced 
mutation (Chapter XIII) provides one way of finding out some- 
thing about genes, but this method has several limitations, the most 
evident and serious one being that changes in a gene are inferred 
only from changes in the character; and without a knowledge of 
the connecting reactions, this gives little information as to the 
nature of the gene itself. Another possibility of promise is that 
of direct examination of chromosomes. By tnpan<! of ultra-violet 
absorption methods, Caspersson has shown, among other things, 
that nucleic acids are an important constituent of chromosomes 
(as was already known) and that these are concentrated in the 
dark bands of the salivary gland chromosomes of Drosophila. 
One of the difficulties here is that there is reason to suspect from 
• size considerations that a band of a salivary chromosome contains 

a high proportion of extragenic material and a low proportion of 
actual genes. The phenomenon of position effect (Chapter XIV) 
offers the hope of finding out something about immediate gene 
products, since it is presumably the interaction of these that is 
responsible for the phenomenon. Here again, however, the 
;i only available index remains the final character, 

e Dosage Relations. — Still another method of obtaining informa- 

tion about gene action involves a study of variations in the number 
of representatives of a given gene that are present, i.e., dosage 
relations. As an example of this type of approach, the measure- 
ments of vitamin A content of maize kernels made by Mangels- 
^ dorf ^d Fraps may be mentioned. Maize with white endosperm 

? contains very little vitamin A because of the small quantity of its 

I ; yellow carotenoid precursor. Yellow endosperm varieties contain 
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both carotenoid pigment and vitamin. Since the endosperm of 
maize is triploid, it is possible to obtain kernels, the endosperms 
of which carry o, i, 2, or 3 dominant Y (yellow) alleles and 
correspondingly 3, 2, i, or o recessive alleles. It was found that 
the relative number of rat units of vitamin A was 0.05, 2.25, 
5.00, and 7.50, respectively, for the four types. Such a direct 
proportionality suggests that the relation between gene and vi- 
tamin may be relatively simple. It does not tell what the gene is, 
but indicates that in this particular instance it is probably not 
acting as an enzyme — concentration of an enzyme does not usually 
show a linear relation to the amount of product formed by a 
reaction that it catalyzes. A general difficulty with methods in- 
volving dosage relations is that it is not usually known how the 
recessive gene acts. In the example just cited, the simplest 
assumption is that the recessive gene is doing nothing, but, of 
course, this is not a necessary assumption. In this connection, 
comparisons of the behavior of a recessive allele of a given gene 
and a known deficiency for that gene, do often suggest that, with 
respect to a given reaction chain, the recessive allele is actually 
inactive. 

With regard to dosage relations, a fourth chromosome reces- 
sive character in Drosophila, shaven bristles and hairs re- 
moved) is of interest. Haplo-4 shaven shows the character in 
extreme form. Diplo- and triplo-4 flies, each with only 
alleles, show the character in progressively less extreme form. 
Tetra-4, usually inviable, is according to Schultz, who has studied 
this series, viable when only sv is present, and is very nearly wild- 
type phenotypkally. It appears that the recessive allele is, in this 
case, doing the same thing as a normal allele but less efficiently. 
Four recessive alleles are approximately equivalent to two nor- 
mals. A general objection to this type of experiment is of course 
that in the series with one, two, three, and four fourth chromo- 
somes other genes at loci other than that of sp are multiplied, i.^., 
the number of sp alleles is not the only variable in the experiment. 
Disregarding this difficulty, it is clear that the evidence may lead 
to deductions as to how much of something a given allele of a 
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particular gene is doing, but has no bearing on the more important 
question of it is that is being done. 

The above examples serve to illustrate a few of the methods by 
which we may eventually hope to learn more about the nature of 
genes and their actions by more or less direct approaches at the 
gene end of the gene-character chain. That more progress has 
not been made is perhaps discouraging, but we may anticipate that- 
these techniques will in the future be used more efficiently and 
that new ones will be developed. 

Studies of Characters. — ^Technically it is much easier to work 
from the final character back toward the gene than it is to do the 
reverse. This amounts to describing the character - in more and 
more detail. A complete description of any character would, of 
course, be a description of all of development, including the roles 
played by all the genes present. Although such an ideal descrip- 
tion is out of the question, one might hope to build up a partial 
description of a character which would include at least one un- 
broken sequence of reactions back to a gene. From such a 
sequence one would be able to determine at least some of the 
properties of the one gene known to be involved. 

Many methods are being brought to bear on the problems of 
detailed character description. All we can reasonably hope to do 
in the present discussion is to describe briefly a few of the more 

or less typical examples of what is being done. 

Coat Colors in Mammals. — ^The inheritance of coat colors is 
well understood in a number of mammals, particularly in various 
species of rodents. Wright has worked extensively with coat- 
colors in guinea-pigs and has attempted to determine in some 
detail the type of interactions obtained. The pigments involved 
are melanins, which are known to be produced by reactions 
catalyzed by enzymes. These reactions involve tyrosin or related 
amino acid-like substances (chromogens), and tyrosinase or 
similar enzymes are concerned. The final colors are the result of 
several conditions: (i) the kind of pigment produced, e.g., 
black or yellow, (2) the total quantity of pigment, (3) the dis- 
tribution of the pigments within individual hairs of the animal. 


GENES AND PHENOTYPES 


339 


and (4) the distribution of variously pigmented hairs over the 
body of the animal. With these variables, a large number of 
final combinations are, of course, possible, Wright has postulated 
that three substances, immediately preceding the development of 
pigment, are concerned. One is presumably the chromogen 
(tyrosin or a similar substance), the remaining two may be 
assumed to be oxidizing enzymes like tyrosinase. Following 
additional specific assumptions, it is possible to interpret the ob- 
served facts by supposing that both the initial presence and the 
quantities of the two enzymes, or enzyme precursors, are under 
the control of genes. The albino series of multiple alleles, for 
example, are presumably concerned with the production of sub- 
stance I (enzyme or enzyme precursor). The various members 
of this series differ in such a way that they determine different 
amounts of this substance varying from none to full quantity. 
Presumably the quantity of substance I produced bears a rather 
direct relation to the nature of the alleles of the a gene. This 
admittedly speculative interpretation, then, involves the concept 
of gene-controlled reaction rates. 

In connection with melanin-enzyme systems in the rabbit, 
Onslow found that recessive whites lack the enzyme necessary to 
convert chromogen into pigment, whereas dominant whites have 
this enzyme but in addition have an enzyme-inhibitor or anti- 
enzyme. 

Reaction Rates. — ^The rate concept of character differentiation 
has been applied to many situations, particularly by Goldschmidt. 
As another example we may consider briefly the vestigial (pg) 
series of alleles in Drosophila, studied by Mohr, Goldschmidt 
and others. The various combinations of these alleles can be 
arranged in such a way that, phenotypically, they form a more 
or less continuous series from normal to a condition in which 
the wing is practically absent (Fig. 1 14). Goldschmidt has 
found that in the allelic combinations that result in intermediate 
and more nearly normal wing types, the wings develop at the 
same rate as do those of normal flies up to a certain time, and 
thereafter undergo a local disorganization and resorption that 
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leads to the characteristic patterns. Thus the wings of certain 
combinations are normal at the time of pupation, but shortly 
afterward local retrogression sets in. One interpretation proposed 
by Goldschmidt assumes that a specific lytic substance, on 
reaching a certain threshold concentration, results in localized 
lysis of wing tissue. The rate of production of this substance is 
gene-controlled. In normal flies its concentration never reaches 


dgial alleles in Drosophila. Symbols: 

vestigial; and wild-type. (After Mohr.) > . ^ 

the threshold level. In the various combinations of mutant 
threshold concentrations are reached at various times in d. 
ment. The earlier this concentration is reached the greatei 
^omt of tissue destmetion and the smaller the final 
Goldschmidt has also presented an alternative interpretation 
assumes that the size of the wing is determined by the qu: 

of a hy^thetical wing-forming substance present at varion 
of development. 



HORMONES 

Sex-homones in Birds.— In both plants and animals specific 
diffusible chemical substances, known as hormones, regulate vital 
processes. In many instances they are known to be intermediaries 


-Male Sebright fowls. Above, normal hen-feathered male. Below, 
castrated male, cock-feathered. 


between genes and characters. As an example— sex in dioecious 
animals is under control of the genetic system. This does not 
mean that the development of all characters related to sex is 
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unalterably determined at the moment of fertilization. Under 
ordinary conditions the final sex is determined at fertilization, but 
no organism is completely resistant to modification by "extra- 
ordinary conditions.” Secondary sex-characters in higher animals 
are largely dependent on so-called sex-hormones. In birds, for 
example, sex is normally determined by the chromosome con- 
stitution. But the production of sex-hormones, also normally 
under genetic control, can be altered experimentally. In some 
birds, of which the domestic fowl is an example, removal of the 
ovary (only the left ovary is functional in birds) from a potential 
female results in development of male-like plumage, i.e., the 
female becomes "cock-feathered.” The "hen-feathering” can be 
restored by injecting female sex-hormone or by implanting an 
ovary. Not only is hormone production here under genetic con- 
trol, but the reaction to hormone can likewise be shown to be 
under the influence of genes. In the Sebright bantam and some 
other breeds of fowl (e.g., Campine), the males are normally 
hen-feathered. This hen-feathering of the male is inherited as a 
dominant in crosses with breeds in which the males are normally 
cock-feathered. From castration, gonad transplantation, and skin 
transplantation experiments, made by Morgan, Roxas, Danforth, 
and others, it can be shown that hen-feathering in the male of the 
Sebright and Campine is the result of a modification such that the 
feather follicles of the male react to male hormone in the same 
way as to female hormone (Fig. 115). As shown in Tables, 

TABLE 3 

Type of feathering in males and females of hen-feathered breed of fowls 
(Sebrights or, in one case, Campines) and in a dimorphic breed (Leghorn) in 
relation to condition of gonad. From results of gonadeetomy, gonad trans- 
plantation, or skin transplantation. 


Breed and inherent 
sex 

No gonad 

Ovary 

Testis 

Leghorn female 

cock 

hen 

cock 

Leghorn male 

cock 

hen 

cock* 

Sebright female 

cock 

hen 

hen 

Sebright male 

cock 

hen 

hen* 


♦Testis may be from Sebright or from Leghorn. 
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castration of either sex of any breed results in cock-feathering. 
In the normal breeds, female sex-hormone results in hen-feather- 
ing, male sex-hormone in cock-feathering, while in Sebrights or 
Campines either female or male hormone, whether derived from 
a normal breed or a hen-feathered breed, gives hen-feathering. 

Dwarf Maize. — Another example in which reactions involv- 
ing hormones are known to be gene-controlled is found in the 
comparison of normal and dwarf maize made by Van Overbeek. 
Nana, one of the several dwarf types known in maize, is differen- 
tiated from normal by a single recessive gene, na. Nana plants 
have very much shortened internodes, the mature plant being 



Fig. 1x6. — gynandromorph of Drosophila melanogaster. Both front legs 
are male (sex-combs present). The left side of the head and thorax are wild- 
type and female; the right side eosin, forked, and male (except for a patch of 
wild-type tissue in the right eye) . The specimen had two ovaries. 

only about a foot or two in height, Nana plants apparently form 
the plant growth hormone, auxin, at the normal rate but oxidize 
it, inactivate it, at a higher rate than normal. As a conse- 
quence the cells of a nana plant do not elongate to the same 
extent as do those of normals, and the entire plant is shorter. It 
appears, then, that the nana gene produces its characteristic pheno- 
typic effect through a modification of the oxidation-reduction 
properties of the plant 

GynaEdromorphs in Insects.— In the insects hormonal control 
of sex and secondary sex characters apparently does not occur, but 
instead these are controlled by intra-cellular factors. This is 
shown in a very simple way in individuals in which part of the 
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body is XX in constitution and the remainder XY or XO. Such 
individuals, known as gynandromorphs, are mosaic for sex char- 
acters (Fig. 1 1 6). They result in two ways: ( i ) by elimination 
from one daughter cell at an early cleavage of one of the two 
X chromosomes (Morgan and Bridges), or (2) from double 
nucleus eggs (Doncaster) . In the former, all descendants of the 
cell with a single X chromosome are genetically male while those 
from the sister XX cell are female. A double nucleus egg may 
or may not give rise to a gynandromorph, depending on whether 
the two nuclei are fertilized by like ( X and X or Y and Y) or 
different (X and Y) sperms. Regardless of origin, gynandro- 
morphs in Drosophila usually show autonomy of development 
with regard to sex-characters, i.e., each part develops (with few 
exceptions) according to its own genetic constitution and without 
regard to the genetic constitution of adjacent or associated tissues. 

Autonomous Development of Characters.— If a zygote that 
gives rise to a gynandromorph by elimination of an X chromo- 
some is originally heterozygous for a sex-linked gene, say white, 
elimination of the X chromosome carrying the normal allele gives 
rise to male tissue that is at the same time genetically white-eyed. 
This same rule holds for any sex-linked character. Gynandro- 
morphs can be obtained in which the male parts are forked and 
the female parts not-forked (Fig. 1 16). In such an individ ual 
the genetically forked parts show forked bristles. It is also 
found that forked parts and parts that show male sex char- 
acters always coincide so far as this can be determined. The 
forked character is, like secondary sex characters, autonomous 
(independent) in development, shows no influence of the 
non-forked tissue in the same individual. This rule of autonomy 
of development applies to most characters differentiated by sex- 
linked genes. Vermilion is one exception to this rule to which 
we shall return later in this chapter. 

Somatic Crossing Over in Drosophila.- — There are other ways 
of obtaining individual organisms mosaic for tissues of differing 
genetic constitutions. We have already mentioned skin grafts in 
connection with feather characters in fowls. In many organisms 



Fig. 1 1 7.-— Scheme showing the way in which somatic aossing over may give 
rise to cells homozygous for loci that were heterozygous before crossing over. 
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such grafts of parts originally from different individuals are tech- 
nically easy to obtain and they are generally useful in studying 
developmental processes. Stern has shown in Drosophila that 
natural mosaics may occasionally arise as the result of somatic 
crossing over. Such crossing over is normally very rare, but in 
individuals of certain genetic constitutions (heterozygous for any 
one of the several dominant minute genes— Ain, Aly, etc.) it occurs 
with inaeased frequency. As a result of somatic crossing over 
cells may be formed that are homozygous for genes which were 
heterozygous in the original zygote. In individuals heterozygous 
for two sex-linked genes such as y and sn, somatic crossing over 


between the centromere and the singed locus (Fig. 117) may 
give rise to daughter cells each homozygous for the two loci; one 
for the recessive allele y, the other for the recessive allele sn. 
If, instead of centromeres i and 3 going to the same pole, as 
indicated in the diagram, i and 4 go to one pole and 2 and 3 
to the other, the resulting cells will still be heterozygous for 
both loci. If the y/y and sn/sn cells resulting from somatic 
aossing over give rise to bristle-bearing surface tissue, so-called 
"twin spots” will appear, one yellow and the other singed, on 
a wild-type background (Fig. 118). The sizes of such twin 
spots will of course depend on how early in development the 
somatic aossover that gave rise to them 
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growth of the daughter cells, and on the affected parts of the 
body. Usually they involve only a small portion of the surface 
parts of a fly. Somatic twin spots show that such characters as 
yellow and singed are autonomous in development when they 
occur in small amounts of tissue. By the use of the somatic 
crossover method, Demerec has studied the behavior of many sex- 
linked lethals in small patches of tissue. The general method, 



Fig. 1 1 8. —Twin spots due to somatic crossing over. Near the base of the 
right wing one bristle and ten hairs are singed; just to the left of these lie a 
bristle and seven hairs that are yellow (shown in the figure by dotted lines). 
(Drawn from data furnished by Stern.) 

as illustrated in figure 119, involves the use of sex-linked non- 
lethal characters to mark the aossover twin spots. In the example 
illustrated in the figure, one of the twin spots is homozygous for 
y and a lethal and the other is homozygous for singed. If both 
spots regularly occur as twins, it is clear that in small patches of 
hypodermal tissue in a female the lethal does not prevent the 
survival and multiplication of cells homozygous for it. On the 
other hand, if only a single spot regularly occurs — singed in the 
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illustration— it is concluded that cells homozygous for the lethal 
gene being studied do not survive. Demerec and Hoover have 
found that two types of lethals can be diiferentiated by this 
method; some are not lethal in small patches of female hypo- 
dermal tissue while others are lethal to such small groups of cells. 
In the latter case adjacent normal cells produce the tissue that the 
lethal-carrying cell normally would have produced. Most lethals 
that are demonstrated deficiencies for known loci are lethal in 
hypodermal tissue. There are two notable exceptions to this— 
deficiencies for yellow and for cut. Deficiencies for both of these 
loci are known which survive in homozygous condition in twin 



-h-f sn ^ 

Fig. 1 19. — Somatic crossing over with yellow and singed used as indices of 
the presence of a lethal. Yellow areas are homozygous for the lethal; their 
presence in normal frequency (relative to singed spots) indicates survival of 
tissue homozygous for the lethal. Absence of yellow spots (when singed ones 
are numerous) indicates that tissue homozygous for the lethal does not survive. 

spots. In the case of yellow deficiencies, tissue homozygous for 
the deficiency is phenotypically yellow. This is consistent with 
the fact, previously indicated, that a deficiency for the yellow gene 
may survive in the male, and is of interest in that it suggests that 
the most extreme known recessive allele of the yellow gene is an 
inactive form of the gene. 

Lethals in Mice.— The above results show that a combination 
of genes lethal to an entire individual need not necessarily be 
lethal to individual parts of it. A similar conclusion was arrived 
at by de Aberle in studies of the dominant white mouse which is 
lethal in homozygous form. Homozygotes die of anemia soon 
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after birth, but individual tissues transplanted to normal mice 
are able to survive. Somewhat comparable studies of the short- 
tailed mouse were made by Ephrussi. Short-tailed homozygotes 
die in the utems, usually about lo days after insemination, but 
if such embryos are removed shortly before the normal Hmp of 
death, individual tissues can be removed and grown in standard 
type tissue cultures (in a mixture of embryo extract and blood 
plasma from the fowl). Several tissues have been so explanted 
and found to survive for periods of time far exceeding those over 
which the entire embryo would have lived. There appears to be 
no good reason why these tissues could not have been cultured 
indefinitely. Homozygous short-tailed embryos probably die as 
a result of some disturbance of general organization and not be- 
cause of inviability of the component tissues. 

Eye-color Hormone in Ephestia. — In the meal moth, Ephestia 
kuhniella, there exists a mutant strain with red eyes instead of 
the black eyes characteristic of the wild-type. Caspar! made the 
interesting observation that a testis from a wild-type larva (a+/a+) 
transplanted to a genetically red-eyed (a/a) krva., modifies 
development of the host in such a way that the genetically a/a 
adult has black rather than red eyes. The testis implant appar- 
ently produces a substance which diffuses into the eyes of the host 
and there modifies pigment development. Caspar!, Kiihn, Plagge, 
Becker, and others have since followed this lead and have found 
that the substance responsible, called the "i«+-hormone,” is pro- 
duced by ovary and brain tissue as well as by testes, and that it is 
concerned with several aspects of pigmentation — ^with larval skin- 
color, larval eye-color, testis-color, color of the brain, as well as 
wth the eye-color of the imago. Here, then, a specific hormone 
is concerned in the development of a hereditary character. The 
presence or absence of the «i+-hormone depends on the genetic 
constitution of the individual with respect to the a gene. If, 
however, the hormone is absent because of the genetic constitu- 
tion, the eye-color is not irreversibly determined; artificially sup- 
plying an a/a individual with the hormone results in the 
development of the eye-color characteristic of an <*+ individual. 
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In Other words, a gene-conditioned developmental deficiency can 
in this particular instance be compensated for in much the same 
way as an insulin deficiency in a diabetic human being can be 
artificially compensated for by injections of the hormone insulin. 

It should be emphasized that this modification in eye-color in 

a/ a individual is purely a somatic change — ^the genes are not 
modified. In spite of the extragenic nature of the modification, 
there may be a maternal influence on the next generation. Thus, 
if an 4+ testis is transplanted to an ^ female larva, the eyes of 
the host will be modified toward wild-type. Such a female, mated 
to z.n a/a male, gives offspring that are all genetically homozygous 
for the a allele. Nevertheless, they show pigmentation of the 
larval ocelli, which are normally colorless in a/ a larvae. This is 
the result of an uptake of i;^+-hormone by the eggs of the original 
host, and its transmission to the individuals that develop from 
these eggs. This is comparable to the transmission of fi+-hormone 
from female to a [a offspring. There is no corresponding 

transmission of hormone from an 4+/^ male to an offspring. 
This example is one of the few cases in which a known substance 
is transmitted through the egg in the cytoplasm. This maternal 
influence lasts for only one generation. 

Vennilion in Drosophila Mosaics. — shown by Sturtevant, 
the vermilion character in Drosophila does not always show 
autonomous development in mosaics. In gynandromorphs in 
which large parts of the body are female and -]-/«/ in constitution, 
eye-tissue that is genetically male and vermilion is often pheno- 
typically not vermilion. That such tissue is really genetically 
vermilion can be shown by using a second eye-color character, 
such as garnet, known to be autonomous in gynandromorphs. As 
shown in figure 116, such a character can be used to "mark” the 
vermilion tissue. When the vermilion character is expressed, the 
V g eye-tissue is phenotypically g (yellowish red) but, when 
the vermilion character is not autonomous, the v g eye-tissue is 
like g (dull pinkish) phenotypically. The presence of a body 
character such as forked is also useful in indicating the distribu- 
tion of female and male tissues (Fig. 116) . 
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Eye-color Hormones in Drosophila. — It appears, from this 
behavior of vermilion in mosaics, that normal eye-pigmentation 
in Drosophila must be dependent on a diffusible substance in 
somewhat the same way as in Ephestia. By implanting em- 
bryonic eye buds taken from vermilion larvae into the body 
cavities of wild-type larval hosts, Ephrussi and Beadle showed 
that the implant develops into an eye with wild-type pigmen- 
tation. The behavior of vermilion is essentially the same here 
as in mosaics. Various experiments have shown that the factor 
involved in such modifications of vermilion is a hormone-like 
substance. Similar transplantation studies with other eye-color 
characters in Drosophila have shown that the second chromo- 
some recessive cinnabar, which is phenotypically indistinguishable 
from vermilion, is likewise non-autonomous. The phenotypic 
similarity of vermilion and cinnabar suggested that they might be 
similarly differentiated from wild-type, i. e., both might be 
deficient in the same hormone-like substance. This is shown not 
to be the case by the behavior of reciprocal transplants, which give 
the following results; 


Constitution of 


Phenotype of 

transplanted 

Host 

implanted 

eye bud 


eye 

vermilion 

cinnabar 

wild-type 

cinnabar 

vermilion 

cinnabar-like 


The simplest interpretation of these results is that two different 
eye-color hormones are involved in the production of wild-type 
pigmentation; that a cinnabar fly is deficient in one of these, f«+- 
hormone, and that a vermilion fly is deficient in both of them, 
*H--hormone as well as f«+-hormone. It is further assumed that 
these two eye-color substances are so related in development that 
CK+-hormone is never formed in the absence of i^+'hormone. In 
a cinnabar fly, some one or more of the reactions connecting the 
two hormones is blocked and as a consequence i'+-hormone, but 
not c«+-hormone, is formed. In the experiment in which a 
vermilion eye is grown in a cinnabar host, the host supplies the 
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implant with i^+-hormone but not fw+-hormone. Once the im- 
plant has a supply of i^+-hormone, there is no block to the forma- 
tion, by the implant tissue itself, of substance. 

The above interpretation having to do with eye-color develop- 
ment in Drosophila has been tested in various ways by various 
investigators. It has been possible to extract the hormones from 
pupae and to purify them partially. Quantitative methods of 
working with these hormones have been developed, certain of 
their relations to pigment production are known, and some of 
their chemical characteristics have been determined. 

Coiuparisan of Hormones in Different Species. — The eye- 
color character ivory in Habrobracon, a wasp parasitic on Ephestia, 
is, like red eye in Ephestia and both vermilion and cinnabar in 
Drosophila, non-autonomous in mosaics (Whiting). As a result 
of cross comparisons involving Drosophila, Ephestia, and Habro- 
bracon in which, for example, hormone extracts of Ephestia were 
tested in Drosophila for effects on vermilion and cinnabar, it has 
been possible to show that the hormones in these insects, which 
belong to three different orders, are apparently the same. The 
red eyed mutant in Ephestia is deficient in both and f;^+.sub- 
stances, and therefore corresponds to the vermilion character in 
Drosophila. On the other hand, ivory in Habrobracon is deficient 
in c«+-hormone but not in z^+-hormone, and therefore corresponds 
to cinnabar in Drosophila. It seems probable that the ivory 
gene in Habrobracon and the gene in Drosophila are parallel 
mutations of homologous genes. In the same way, it seems rea- 
sonable to suppose that the a gene in Ephestia and the gene in 
Drosophila are homologous. Whether or not these genes with 
corresponding effects are really homologous, the above compari- 
sons shows that the eye-pigment systems must be essentially 
similar in the three orders of insects represented. Presumably, 
then, these are not genes that were important in differentiating 
these forms from each other during the process of evolution, but 
are representatives of the inheritance common to all of them— in 
other words, belong to the group of genes that make all three 
forms insects. 
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DIFFERENT WAYS OF PRODUCING THE SAME PHENOTYPE 

The vermilion and cinnabar characters represent a situation 
frequently met with — ^that of two or more phenotypically similar 
characters differentiated from normal by different genes. The 
character scarlet eye-color in D. melanogaster is likewise pheno- 
typically similar to vermilion and cinnabar. The three genes 
associated with these three characters modify development in dif- 
ferent ways. Vermilion and cinnabar both have to do with eye- 
color hormones but, as pointed out above, they influence the chain 
of reactions at different levels. Scarlet flies, on the other hand, 
are characterized by the presence of both and r;2+-hormones, 
but these apparently cannot be made use of. The end results in 
the three characters, then, appear to be the same — ^the elimination 
of one pigment component in the eye. In each, this is brought 
about in a manner different from that of the other two. The 
phenotypic interactions of these three characters are consistent with 
the interpretation just given. For example, the double recessive 
cinnabar scarlet is phenotypically like either of the single reces- 
sives. The single recessives are each deficient in the same pigment 
component and the two together are consequently no different 
from either alone so far as the final result is concerned. A cross 
between cinnabar and scarlet gives a 9:7 ratio in F 2 as would be 
expected. Other examples of this same type of character inter- 
action were discussed in Chapter III. 

Environmental Modifications.— In many instances develop- 
mental effects similar to those brought about by known gene 
substitutions are produced by specific modifications of the environ- 
ment. A familiar example of this kind is that of chlorophyll 
development in plants. It is known that any one of a dozen or 
more possible gene substitutions in maize results in a failure of 
chlorophyll development. There are evidently many different 
and genetically independent ways of blocking the reactions essen- 
tial for the appearance of chlorophyll. The same end result — an 
albino plant — can be achieved in a very simple way by growing 
maize plants in the absence of light. Certain strains fail to 
develop chlorophyll at moderately low temperatures — ^tempera- 


GENES AND PHENOTYPES 


353 


tures at which other strains appear to be quite normal. Another 
example of a strong modification of a character by temperature is 
found in the vestigial series of alleles in Drosophila. Roberts, 
Harnly, and others have she wh that the wing size of flies homo- 
zygous for the vg allele is greatly increased if flies are grown at 
32° C. (25° C. is the usual temperature at which Drosophila 
experiments are made) . Figure 120 shows the relation of wing 
size to temperature in vestigial females which are also homozygous 
for a sex-linked modifier of vestigial (dimorphos). 

Many other examples similar to those mentioned above could 
be given. They all illustrate the fact that genes and environ- 




Fig. 120. — ^Effect of temperature on wing size in Drosophila males reces- 
sive for vestigial {vg) and a sex-linked specific modifier, dimorphos. Below 
the outline drawings are indicated the temperature to which the flies were sub- 
jected during development. (After Harnly and Harnly.) 

mental factors are both components of the same system. Both 
are essential parts of the system, and, in this sense, neither one 
nor the other can be said to be more important. 

Non-correspondence of Characters. — ^In the above discussion, 
the fact that similar phenotypic effects can be brought about by 
different non-allelic genes is emphasized. As indicated, this 
similarity in end results, in phenotypes, does not at all mean 
a similarity in action of the various genes concerned. In fact, in 
the case of the characters vermilion, cinnabar, and scarlet, it is 
known that the means of attaining the end result are different in 
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each. It should be pointed out that correspondence, even of 
phenotypic effects of mutant genes, is by no means a general mle. 
As indicated in Chapter XX, it is possible to be reasonably sure 
of identifying homologous loci in different species of Drosophila 
where the only bases of comparison are phenotypic characteristics 
of the known mutant types. This is possible because, in general, 
mutants of a particular locus have phenotypic characteristics dif- 
ferent from those of other loci. Often careful study of mutants 
that appear to be quite similar shows the existence of such char- 
acteristic differences. Thus in D. pseudoobscura there is a 
dominant character called scute because of its resemblance to 
scute in D. melanogaster. The resemblance is only superficial, 
however, since the pattern of bristle removal is different in the 
two types. The true homolog of scute in D. melanogaster is, 
with little doubt, the character known as scutellar. Even in 
the case of the phenotypically similar vermilion-like eye-colors, 
homologies can be established between species that cannot be 
crossed, by study of the developmental characteristics of the 
mutants— by means of more complete descriptions of the 
characters. 

CHEMICAL STUDIES 

Anthocyanin Pigments. — ^Pigment systems in plants are favor- 
able for studies of the developmental properties of hereditary 
characters. The pigments primarily responsible for flower colors 
in seed plants include: (i) yellow plastid pigments (carotenes 
and xanthophylls), (2) yellow anthoxanthins (fiavones or 
flavonols) , and the anthocyanins. The chemistry of all of these 
general groups of pigments is relatively well-known. Several 
investigators, particularly Scott-Moncrieff, have studied the flower 
pigments in various genetic types of several different plants. 
Among the many factors that affect pigment formation and dis- 
tribution in flowers, the following are known to be gene-con- 
trolled: 

1. Yellow plastid pigment production 

2. Yellow anthoxanthin production 
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3. Ivory anthoxanthin co-pigment (substance having an effect 
on pigments out of proportion to its own color) production 

4. General anthocyanin production 

5. Specific anthocyanin production 

6. Oxidation of pigment molecules 

7. Oxidation and methylation of anthocyanins 

8. Local changes in pH 

Without extended discussion of these, two examples may be 
given. A gene pair (symbol e) is known in the Shirley poppy 
in which the dominant allele leads to the formation of antho- 
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Fig. 1 2 1 . —Structural formulae of anthocyanin pigments found in Verbena 
flowers. The two compounds in the upper row differ from the corresponding 
ones below by the substitution of a sugar for an OH group; the two to the 
right have two additional OH groups. The corresponding flower colors, ranging 
from scarlet to purple, are indicated. (From Scott-Moncrieff.) 


cyanin with an OH group at a specific place in the molecule, 
whereas substitution of the recessive allele of this gene changes 
the pigment-forming reactions in such a way that this particular 
OH group is replaced by an H atom. With the oxidized form 
of the anthocyanin present the poppy flower is crimson with a 
black blotch at the base of each petal. The less oxidized form of 
the pigment gives a salmon flower with pale brown blotches. 
The chemical characteristics of the anthocyanin pigments of four 
genetic types of verbenas are shown in figure 121. Here both the 
number of OH groups and the number of sugars in the molecule 
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vary. In Primula there is a gene pair (symbol f) that differen- 
tiates between low and high hydrogen ion concentrations (pH 
about 6,0 and 5.4 respectively) in the petals. In the presence of 
anthocyanins, which are hydrogen ion indicator pigments, the 
recessive form with the higher pH may be blue, while, on the 
same genetic background, the dominant form with the lower pH 
is magenta. This pH difference appears to be strictly localized in 
the flower petals. 

In such cases as those discussed above it is known that reactions 
are gene-controlled, but it is not known how this control is 
brought about. The establishment of the fact that an oxygen 
atom difference between pigment molecules is gene-controlled, 
while it does not solve the problem of the relation between gene 
and character, is at least one step in the desired direction. 

Difficulties in Studying Gene Action. — ^The various examples 
considered in this chapter illustrate some of the methods, as well 
as some of the difficulties, of trying to determine precisely what 
roles genes play in the network of developmental processes. It 
is supposed that all the genes of an organism are present in all 
the cells of an individual and are always present in the same pro- 
portions. There is no way of determining, however, whether or 
not all these genes are active at all times. Possibly differential 
activity of various genes at successive stages of development is 
the basis of the differentiation of tissues and organs characteristic 
of all higher plants and animals. Another general difficulty is 
that in no single instance have we any reasonable basis for a 
guess as to the number of links in the most direct chain of reac- 
tions connecting a given gene and a given character. We usually 
assume that there are many, but this is not necessarily so. In 
such characters as those concerning the agglutination reactions 
that underlie the human blood groups, where there is no inter- 
action between different alleles of a gene (e.g., an A/B individual 
has both A and B agglutinogens and in this respect is the simple 
sum of A/ A and B/B)^ it is possible that the number of steps 
between gene and agglutinogen is not great. 

Looking to the future of genetics, it seems reasonably certain 
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that its integration with such fields as those of biochemistry, 
developmental physiology, and experimental embryology will con- 
tinue at an increasing rate. Regardless of whether or not studies 
designed to further such integration are likely, in the near future, 
to lead to an understanding of the nature and role of genes, there 
can be no question that they will add to our understanding of 
those processes that make up development 
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Problems 



1. What would be expected following somatic crossing over between 

the loci of yellow and singed in a female of the constitution 

' y ^ . 

2. Using H for the symbol for hen-feathering in male fowls, how 

would you classify the hens in the F2 of the cross Sebright by 
brown Leghorn with respect to their constitution for the H locus 1 

3. If transplants of wild-type larval fat bodies are made to vermilion 

larvae of Drosophila the adult hosts will be phenotypically wild- 
type. Similar transplants of wild-type larval salivary glands to 
cinnabar larvae do not modify the eye-color of the adult hosts. 
What would you conclude from these two experiments.^ 

4. Assuming that a method is available by which it is possible to ex- 

tract eye-color hormones from either Drosophila or Ephestia, 
what kinds of cross injection tests between these two forms 
would be necessary to show that the vermilion and a mutants 
in the two species are deficient in the same hormone (or physio- 
logically interchangeable ones), and that cinnabar and a are not 
deficient in the same hormone ? 
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CHAPTER XXIII 


HISTORICAL 

The development of modern genetics began with Mendel’s 
paper on peas — or, rather, with its rescue from oblivion in 1900. 
This paper was published in 1866, but made no impression on 
other biologists; when attention was called to it in 1900 its im- 
portance was at once recognized, and further development along 
the lines laid down by Mendel was immediate and rapid. Why 
the difference in reception? 

One reason is probably that Mendel himself failed to confirm 
and extend his own results. After the pea experiments he under- 
took hybridization experiments with hawkweeds (Hieracium), 
and found that all his hybrids bred true. It is now known thar 
this result is due to the fact that these plants usually reproduce by 
apomixis — Le., the embryo in the seed is formed directly from 
diploid maternal tissue, without the intervention of meiosis or 
fertilization. To Mendel, however, the result was an indication 
that the principles worked out for peas were not generally ap- 
plicable. He therefore published no more accounts of his dis- 
coveries, and was thus partly responsible for their neglect — owing 
merely to an unlucky choice of material for his later work. 

Developments before 1900. — In the period between 1866 and 
1900 there were many developments in biology that made for a 
more ready appreciation of Mendel’s work. The foundations of 
the modern knowledge of cytology were laid in this period. Be- 
ginning with the accurate desaiption of fertilization and the 
tracing of the history of the sperm nucleus after it enters the egg 
(. 0 . Hertwig in 1875, followed by Fol, Strasburger, and many 
others), there came die recognition of the chromosomes, of their 
multiplication by longitudinal splitting, and of their constancy 
in number (Flemming, van Beneden, Strasburger, and others, 
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1880-1885). By 1885 Hertwig and Strasburger had developed 
the conception of the nucleus as the basis of heredity. 

Weismann (1885-1887, and later) formulated the germ-plasm 
theory, laying emphasis on the germ line as the conservative 
element in heredity, the successive individuals being produced by 
it but not themselves modifying it. This concept, the forerunner 
of the distinction between phenotype and genotype, led Weis- 
mann to deny the inheritance of acquired characters, and also 
paved the way for the appreciation of MendeFs factorial hypoth- 
esis. Weismann was also the first to lay emphasis on the theoret- 
ical implications of the constancy of chromosome number and of 
the facts of fertilization. He was led to predict that there must 
be a reduction in chromosome numbers at gametogenesis, as 
otherwise fertilization would result in a continuous increase in 
chromosome number. Boveri and others soon observed the occur- 
rence of the reduction, and began the cytological study of meiosis. 
These results established the double nature of the somatic cells, 
as opposed to the single nature of the gametes — -another of 
MendeFs postulates that must have seemed bizarre in 1866. 

Still another development was that there was a growing interest 
in the study of discontinuous variation. Bateson in 1894, and 
deVries soon after, had begun a reaction from the view then 
current that all effective evolution is based on the selection of 
minute differences. It is significant that deVries was one of the 
three men to bring MendeFs paper to light, and that Bateson 
early became the most active of the Mendelian school. 

Rediscovery of MendePs Paper. — ^In 1900 there appeared three 
accounts, apparently all independent, by investigators (deVries, 
Correns, Tschermak) who had read MendeFs paper and appre- 
ciated its significance, and who were also able to confirm his 
principles from their own experiences. In the first of these papers 
deVries added eleven new cases that gave the 3:1 ratio in F2, 
and these were found in ten widely different genera of seed- 
plants. The generality of the principle was thus apparent at once. 
In 1902 the work of Guenot and of Bateson showed that the same 
principles apply also to animals. 
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Chromosome Theory. — ^The close parallelism between Men- 
delian segregation and the behavior of the chromosomes was 
pointed out in 1902 independently by Sutton, Gorrens, and Boveri 
— ^the latter at the same time publishing his remarkable experi- 
ments on dispermic sea-urchin eggs, which furnished the first 
experimental proof that specific chromosomes differ in their effects 
on development, and that development is normal only in the pres- 
ence of at least one complete set of chromosomes. 

The chromosome theory of inheritance was next advanced by 
the discovery of the relation of the X chromosome to sex-deter- 
mination. This was first suggested by McClung in 1902; but he 
failed to examine the chromosomes of the female, and supposed 
that she had no X instead of the two she actually possesses. In 
1905 Stevens, and later Wilson, established the relations as we 
now know them. There was much activity in this field for 
several years; perhaps the most striking early work was that of 
Morgan on the chromosomes of the Phylloxerans (1908), in 
which it was shown that, even in a complex life-cycle which at 
first sight seemed wholly at variance with the sex-chromosome 
theory, in fact that theory gave the only intelligible interpretation 
of the cytological findings. 

Linkage, — ^Linkage was first discovered, in the sweet pea, by 
Bateson and Punnett in 1906. The interpretation they gave is 
now discredited; but in the same year Lock suggested that, if 
homologous chromosomes undergo exchanges of materials (as 
had been suggested by Gorrens in 1902 on dubious theoretical 
grounds), then failure of such interchange might account for 
linkage — t.e,, he postulated that linkage is due to genes lying in 
a single chromosome pair, and that crossing over is due to ex- 
change of materials between homologs. At about this time it 
began to be emphasized that there were, in some organisms, more 
pairs of genes than pairs of chromosomes. Since independent 
segregation was taken as a general law, and since most biologists 
were unwilling to admit exchange of material between chromo- 
somes, it was argued that here was a fundamental objection to 
the chromosome interpretation of segregation. To Spillman be- 


HISTORICAL 3 

most of the credit for insisting that the argument was in- 
^ unless it could be shown that the number of mde pendent y 

wZ'S' Basi. of Crosaing Ooar^Thia „g«nea. saom to 
haStlS^cd Janaseoa to look fot evidence of »d«nge of 
^ ..rl.l beween'^chiomosomes. His studies of meiosis, and pat 
1 I f the oticin and behavior of chiasmata, led him m 1909 
rp:^^':"t:hi fo.ms the sta«ing ^int of the cpm- 

- - -r “:fi" pts' 

which was due to w inbreeding and 

SSt «^pe^ ^rrs^Tufd. 

(X9XO), and that this tocomh^^^^ 

u A i-Lof a rrnSSOVGf will occur* StUftC \ J 0 } 

fd SeL Seas by incorporating the conception of Imear 
orated these ./constructing the first chromosome map. 

arrangement, and y ^ ^ .^^ere deductions that arose 

Double crossing over and mterterence w 

at once from this result- Theorv The 

. . ai-* ’Drnnf of the Chiomosome ineoxy.— 


362 AN INTRODUCTION TO GENETICS 

tained the first evidence indicating that crossing over occurs after 
the equational split — i.e., in a four-strand stage; an alternative 
explanation was, however, possible until the work of Anderson 
(1925) on attached-X females. 

Continuously Variable Characters.— The early Mendelian 
studies were, as a matter of convenience, based on discontinuous 
characters, since with these it is possible to make accurate classifi- 
cations and to determine ratios. Such characters are still the basis 
of most critical work in genetics. A general theory of heredity, 
however, must take into account the nature and inherit-an^P of 
continuous variability. For some years it was supposed that 
"blending inheritance” was different in kind from that described 
by Mendel, though Bateson, as early as 1902, had formulated t he 
multiple gene interpretation for such cases. He pointed out that 
such a character as stature in man must depend on many develop- 
mental factors, and the existence of different allelic pairs affecting 
these would give a continuously variable population. This purely 
hypothetical formulation seemed unconvincing; but the experi- 
mental work of Nilsson-Ehle (1908-1909), East (1910) and 
Emerson (1910) furnished a solid basis of fact, on which was 
developed the theory as it now exists. With this development, a 
great portion of the field of genetics, especially on the practical 
side, became amenable to exact analysis. 

Statistical Methods. — ^The analysis depends in large part on 
the use of statistical methods. These methods, developed chiefly 
by Gallon and Pearson, were at first used in attempts to discredit 
the Mendelian interpretation. The recognition that statistical 
methods are, in fact, valuable working tools in Mendelian anal- 
ysis came gradually. Perhaps the most significant single event 
here was the publication of Johannsen’s "Elemente der exakten 
Erbhchkeitslehre” (1909). This book not only emphasized the 
use of statistical methods; it also marked the beginning of the 
clear distinction between genotype and phenotype. These and 
several others of the standard terms of genetics {e.g., "gene") are 
due to Johannsen. 

Mutation.— The concept of mutation is, of course, old. Dar 
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win was familiar with the occurrence of "sports,” as were others 
long before him. It was Bateson and deVries who first laid 
emphasis on the importance of their study. The term mutation is 
due to deVries, who developed a general theory of evolution 
based on this phenomenon (1900). Unfortunately most of 
deVries’ observations and experiments were made on Oenothera; 
as a result of the unusual nature of this plant, it happens that a 
large portion of the "mutations” on which his theories were 
based would not now be so described. Nevertheless, his essential 
idea of sudden and discrete changes in the nature of the germ 
plasm was correct, and greatly influenced the history of genetics. 
Only with the increasing knowledge of the genes and their be- 
havior was it possible to obtain clear ideas about mutations. The 
early work of Morgan (1910—1912) on Drosophila, and the 
discovery of a specific mutable gene by Emerson (1917) in maize 
are perhaps the most significant contributions of the period in this 
field. In 1927 the work of Muller and of Stadler showed that 
mutation frequency can be greatly increased by irradiation; the 
study of mutation at once entered a new phase, which is still con- 
tinuing. 

Evolution. — ^Much of the early work in genetics was stimulated 
by an interest in evolution, for which an understanding of the 
nature of heredity is essential. It is clear that this is what led 
such men as Bateson and deVries to study heredity. The rapid 
development of the subject after 1900 led most geneticists to 
neglect the evolutionary implications — there were too many other 
things to be done. Evolution was not forgotten, but it seemed 
that more immediate and approachable problems were more 
profitable to attack. The properties of populations heterogeneous 
for allelic genes, however, lend themselves readily to mathematical 
analysis. It is partly through this fact that evolution has come 
back into style in genetics. Hardy worked out, in 1908, the 
equilibrium formula for a population heterogeneous for a single 
pair of alleles. Jennings (1916) studied the consequences of 
inbreeding, which were elaborated further by Wright (1921). 
Haldane began in 1924 a systematic mathematical study of the 
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effects of selection on mixed populations. Fisher (since 1928) 
and Wright (since 1929) have contributed to the development 
of a detailed mathematical analysis of the effects of mutation, 
selection, and inbreeding. 

Another line of study that has served to bring the attention of 
geneticists back to evolutionary problems is that of the cytology— 
and genetics— of species hybrids. This development was at first 
largely a botanical one, and may be dated, more or less arbitrarily, 
from the work of Rosenberg (1909) on Drosera. Important 
later contributions were those of Federley (1913) on the diploid 
sperm produced by certain hybrid moths, and of Winge, who 
developed the interpretation of allopolyploidy in 1917. 

Interpretation of Oenothera Genetics. — ^Related to these studies 
was the cytological work of Belling on Datura, which led him in 
1926 to the hypothesis of reciprocal translocations as an inter- 
pretation of chromosome rings. This view, applied to the cyto- 
logical pictures already found in Oenothera by Cleland (1922), 
led to the final clearing up of the puzzling behavior of that plant 
—a clearing up already begun by Renner’s demonstration in 1917 
of the balanced lethal system in Oe. lamarckiana. 

Cytological Advances. — Cytological study of the chromosomes 
is older than the study of Mendelian heredity. Its development 
has been more or less apart from that of genetics, and it remained 
largely a descriptive subject until the work of Darlington, whose 
book in 1932 may be taken as marking the unification of chro- 
mosome cytology. From then on it has been possible to see the 
subject as a whole, united by a series of working hypotheses. 

Salivary Gland Chromosomes. — ^The most striking recent de- 
velopment in cytology is the discovery of the chromosomal nature 
of the long-known giant structures in the nuclei of the salivary 
glands of Diptera. This discovery, made with Bibio (Heitz and 
Bauer, 1933), was extended to Drosophila by Painter in 1934. 
The metaphase chromosomes of Drosophila are extremely small, 
and almost no structural details can be made out in them. This 
discovery, then, made Drosophila one of the best objects for the 
study of structural detail of chromosomes, whereas it had pre- 
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viously been one of the poorest. The resulting impetus to the 
development of genetics can not yet be fully appreciated. 

Other Advances. — ^These are some of the events that seem to us 
important in the history of genetics. Much has been omitted— 
we might have included the newer studies on the determination 
of sex, on polyploidy, on the developmental effects of genes, or 
various other topics. Even in the fields discussed, we can only 
pretend to have mentioned a few of the more significant contribu- 
tions. Our object has been to show something of the order in 
which ideas developed. 

We should like to conclude the account with an outline of the 
future of genetics; but one of the things that makes science inter- 
esting is that new developments are likely to come in unexpected 
directions. One thing can safely be predicted; genetics will con- 
tinue to develop and to include new ideas and new fields of work 
— it is not static. 
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PROBABILITY 


As indicated in Chapter I and repeatedly thereafter in this book, 
genetics is to a large extent a science of ratios. In all ratios of 
the kind dealt with by the geneticist sampling errors are of im- 
portance, and to appreciate the significance of experimentally de- 
termined proportions of different phenotypes, one must have a 
clear understanding of simple probability as it relates to such 
proportions. 

It is suggested that a review of the sections on probability in 
any standard elementary algebra book will be of help to those 
students whose knowledge in this field may have suffered through 
disuse. An understanding of the simple laws of probability in 
addition to an understanding of the material given in this section, 
should enable the average student to appreciate the handling and 
interpretation of genetic data. It is urged, however, that those 
who anticipate following genetics beyond the limits of this book 
would do well to make use of one or more of the references given 
at the end of this appendix. Conscientious working of the 
problems to be found at the ends of the various chapters of this 
book cannot be too strongly urged. 

The method of obtaining probabilities by the use of the bi- 
nomial expansion (p -j- q)*^, was introduced in connection with 
the distribution of sexes in human families (Chapter I). Con- 
tinuing with this same method, let us consider populations of 
six: individuals where a i:i ratio is expected, say a+ to pheno- 
types from the cross X The probability of all individuals 
of a given sample of six being a+ is of course = %4* Oty 
expressed as a decimal fraction, the probability that a given sample 
of SIX will consist entirely of £2+ individuals is 0.0156. Since all 
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possibilities must give a total probability of i.o certainty), 
the probability that a given sample of six will consist entirely 
of individuals is i.o — 0.0156 = 0.9844. In other words, 
where the true ratio of ^ to ^ is 1:1, one could expect, on the 
average, to obtain 156 samples of individuals out of every 
10,000 such samples, or, conversely, 9844 samples of 6 out of 
10,000 in which not all individuals are The probabilities of 
obtaining the various possible combinations of 4+ and a indi- 
viduals in a sample of six is given by the expression (p + 
where p is the probability of and q the probability of Ex- 
panded, this gives: 

p6 -j- 6 p^q -f- 15 p^q2 -|- 20 p3q3 4. p2q4 6 pq*^ 4. qC 

The terms can be taken to represent the probability of obtaining 
the various combinations of ar^ and i.e,^ p^q signifies 5 to i a 
individuals, and the coefficient, 6, tells us that there are six 
chances in 64 of obtaining this combination. Where a i:i ratio 
is expected, p and q are equal to each other and, since their sum 
must be i, they are each equal to Each term of the expression 
becomes (%)®, and the coefficients therefore represent the rela- 
tive frequencies with which the various combinations are ex- 
pected. Thus, one expects 3 to 3 a, on the average in 20 out of 
every 64 samples of six individuals, or 20 times as often as 6k+ 
to o a. If the various terms are multiplied by their coefficients, 
the probability of each of the various combinations is obtained. 
These may be expressed either as fractions or decimals, as follows: 

6 : o a := %4 = 0.0156 

5 + : I ^ = %4 = 0.0938 

4 + : 2 a = = 0.2344 

3 + : 3 ^ = 2%^ ^ ^ ^ ^ ^ ^ 

2 + : 4 ^ = =: 0.2344 

I + : 5 ^ = %4 = 0.0938 

o 4 - : 6 4 = = 0.01^6 

Since the expression (% + is or i, the total of the prob- 
abilities must be i.o. The combinations 3 -f- to 3 ^ is a perfect 
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fit to the expected ratio of 1:1. All other combinations deviate 
from this. Thus the class 6 -j- to o 4 deviates by three individu- 
als, three individuals would have to be changed to get a 
perfect ratio. 

Writing down in terms of the a individuals only, the prob- 
abilities of getting the various possible deviations from a i;i ratio 
of 4+ to we have: 


I Combination 6:0 5:1 4:2 3:3 2:4 1:5 0:6 

Deviations —3 —2 — i o +i 4.2 4-3 

Probability .0156 .0938 .2344 - 3^25 •^344 .0938 .0156 

This can be represented graphically as in figure 122, in which 
deviations are plotted on the horizontal axis and the probabilities 
of such deviations are represented by vertical lines. All of these 



lines add up to i.o since their lengths represent probabilities. 
From the values given it is seen that the probability of getting 
3 4+ to 3 4 individuals in a given sample of 6 is 0.3125. In other 
words, the probability is 0.6875 that ^ random sample of 6 will 
not be made up of 3 of each phenotype — out of every 100 samples 
of 6, one would expect about 69 with either more or less than 3 4 
individuals. 



370 


AN INTRODUCTION TO GENETICS 


If, instead of samples of 6 individuals, we consider groups of 
50, we can determine probabilities in exactly the same way. The 
only dijfficulty is that it becomes somewhat laborious to expand the 
binomial (p-^q)®®. However, if this is done and the results 
are expressed graphically in the same way as illustrated with 6 



Fig. 123.-— Graphic representation of the binomial expansion (a + b) 50 ^ where 

a = b = 0.5. 

individuals, the results in figure 123 are obtained. For deviations 
up to and including two individuals from a perfect fit of 25:25, 
the probabilities are: 

— 2 0.0960 

— I 0.1080 

o 0.1123 
~ I 0,1080 

— 2 0.0960 

The sum of these is 0.5203, which is the probability of getting, 
in a sample of 50 individuals, of which two kinds are expected 
in equal numbers, a deviation of two or less from a perfect fit. 
Calling this value exactly 0.50 for simplicity, this means that in 
such a sample of 50 the chances of getting a deviation, from a 1:1, 


Y 
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of more than two is equal to that of getting a deviation of two or 
less. These probabilities are of use to us in several ways. As an 
example; one might suspect a character Z in dogs of being in- 
herited as a simple Mendelian dominant From test crosses of 
Z/4- X -f- might obtain 15 Z to 35 -p dogs in a population 
of 50. This represents a deviation of 10 from the expected 25 Z 
dogs. By working out the probabilities for various deviations as 
indicated in figure 123, one finds that the probability of obtaining, 
through errors of sampling, a deviation of 10 or more in either 
direction [Le,, either too many or too few Z dogs) in a popula- 
tion of 50, is only 0.0064. That is, there are only about 6 chances 
in 1,000 of getting a deviation as great as this by chance if the 
true ratio is 1:1. This means that this particular population of 
50 dogs very probably does not represent a random sample from 
a population in which the true ratio is i Z to i -f-. However, 
the deviation may indicate one of several things, for example: 


1. The hypothesis of a simple dominant may not be correct: 

2. The hypothesis may be correct, but Z dogs may be less 
viable than -p dogs. 

3. The hypothesis may be correct and both types of dogs may 
be equally viable; in other words, the deviation is not im- 
possible on the basis of chance but is merely improbable. 
Of a thousand samples of 50 dogs segregating in a true i :i 
ratio, about 6 would be expected to give a deviation as great 
as or greater than the observed one. 


This analysis in terms of probability does not give the answer 
to the question: How is the Z character inherited? It does tell 
one that it is improbable that Z is inherited as a simple 
dominant with no complications. Furthermore, it enables one to 
say just how improbable this is. The only satisfactory way to 
answer the question is to make more breeding tests. Even if the 
observed ratio had been 25:25, it would not be established that Z 
is inherited as a simple dominant — there would merely be a very 
good agreement between hypothesis and observation. 
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Where the number of individuals involved is large, this method 
of working out probabilities from the binomial expansion is not 
used because of the labor involved. The method is presented to 
illustrate the principle of a technique that is commonly used. If 
a probability diagram such as that for a 1:1 ratio with 50 indi- 
viduals is made for a much larger number of individuals, say 
1,000, the possible combinations will be much greater than for 
50, and the number of vertical lines will be correspondingly in- 
creased. If the number of individuals is still further increased, 
the diagram will approach, as a limit, a solid figure with a smooth 
boundary (Fig. 124). Such a curve is known as a normal curve, 


Fig. 124. — ^Normal curve such as is approached as a limit by the binomial 
White lines divide the area under the curve in such a way that 
half lies between them and half beyond them. 

or curve of errors. The vertical lines of figure 123 may be 
thought of as being fused and the area under the curve as being 
equal to the sum of the lengths of all of the lines. The area 
under the curve will then represent probability and the total area 
will therefore be unity. If such a curve be taken to represent 
deviations from a i:i ratio for n individuals, it is possible to cal- 
culate, from the mathematical characteristics of the curve, a devia- 
tion which, taken in both plus and minus directions will include 
exactly half the area under the curve, as shown in figure 124. 
This value, expressed in this case as a deviation, will vary with n 
and win be of such magnitude that a given sample of n indi- 
viduals will be just as likely to deviate from a true i:i ratio by 
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less than this value as by more than this value. Such a value is 
known as the probable error. As an example of this, the prob- 
able error for a i :i ratio where n is 880 is 10. This means that a 
sample of 880 individuals taken at random from an infinite popu- 
lation in which there are equal numbers of two types will be as 
likely to give between 450:430 and 430:450 as to give a deviation 
greater than 10. Thus, if one were to obtain an actual count of 
430 to 450 where a i : i ratio is expected by theory, the agreement 
would be good. One would expect, through sampling errors 
alone, to get an agreement as bad or worse than this in one half 
of a large number of trials. 

Probable errors can be calculated for any ratio by means of the 
simple formula, probable error = 0.67449 Vp^. where p and 
q are the theoretically expected proportions of the two types of 
individuals (p -j- q must equal i) , and n is the number of indi- 
viduals involved. Thus, in the above example for a i : i ratio with 
880 individuals, the probable error is calculated as follows: 


10 


0.67449 \/o-5'0-5'88o = 0.67449 Y'220 
It should be pointed out that the application of this or other 


formulae for the calculation of probable errors is based on the 
assiunption that frequencies of deviations are distributed in the 
form of a normal curve. The distribution of deviations for a 3:1 
ratio will not be a normal one, but as shown by the expansion of 
(P + where p is equal to % and q is equal to wUl be 
asymmetrical, technically skewed. Strictly speaking, the use of 
the indicated formulae are not applicable here, but in practice 
the error is small unless the skewness is very strong. For 15:1 
or 63:1 ratios, however, the error is large enough so that the use 
of the above formulae might be misleading (Fig. 125). Special 
methods have been developed for such cases, but these are beyond 
the scope of this book (see reference to Fisher). Returning to 
figure 123, which gives the probabilities of various combinations 
for a i:i ratio with 50 individuals, it can be seen by inspection 
that the probable error is approximately 2.5, i.e., from the 
center to half way between 2 and 3. If, however, one calcu- 
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lates the pr obable erro r from the above formula a value of 2.38 
(°‘^7449 Vo.5-0.5-50 = 2.38) is found. This discrepant re- 
sults from the fact that the probability in the binomial diagram 
out to and including a deviation of 2 is not exactly 0.5 but 0.5203. 
Furthermore, the formula for the probable error is based on the 
normal curve while the binomial expansion, where n is 50 is 
only an approximation to this. It follows that for small numbers 
say 25 or less, it is more accurate to use the binomial method of 
calculating probabilities. It is not necessary to work these out 
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It IS not necessary to use probable errors in the form of numbers 

Thl“; ^ to express them in terms of percentages. 

Thu m the diagram of probabilities for 50 individuals (Fig 
123), a deviation of one individual is equal to a deviation of 
cent, r.e., the numerical ratio is 26:24 or 24:26 which, 
m terms of percentages, is 52:48 or 48:52— a de- 

two per cent from the expected 50 per cent. In 
error would then be 4. The 



Fig. 126. — ^Two normal curves indicating a difference in variability. Both 
curves are of unit area. 
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general formula for calculating probable errors in percentages is 
0.67449^/^ X where p, q, and n have the same significance 


as in the formula for the probable error in numbers. 

Depending on the values of the constants in the equation for it, 
a normal curve may be broad or narrow (Fig. 126). Regardless 
of its shape the area included within a range, extending from the 


center, to a given number of times the probable error is constant 
This means that the probability of a deviation of any given num- 
ber of times the probable error can be calculated. Since these 
probabilities are the same for all normal curves it is a simple 
matter to calculate them once and arrange them in a table which 
can be consulted at will. Thus, the probabilities, le., areas 
under the curve, outside various ranges of the center are as follows 
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Deviations in 
probable errors, 

deviation 

^ 

' probable error 

I 

1-5 

2.0 

2.5 

3-0 

3-5 

4.0 

4.5 

5.0 

The ordinary method of using this table can best be illustrated 
with examples. A culture of maize shows a segregation of 220 
green seedlings to 180 yellow ones. This might possibly be a 
i:i ratio, in which case the deviation is about 3 times the probable 
error and this tells one that such a deviation, or a greater one, 
from a 1:1 ratio could be expected in 43 trials in 1,000 
(p 0.043) ^ ^ result of chance. This is about one chance 

in 23 which means that the true ratio is probably not a 1:1. 

However, it could be. If the ratio had been 227:173 the devia- 
tion, 27, would be approximately 4 times the probable error 

) A deviation as great or greater than this would be ex- 

\ <5.7 / 

pected as a result of sampling errors about seven times in 1,000 

trials or once in 141 times. Here the probability is much higher 

that the true ratio is not 1:1. In the first example, 220:180, 

green plants might be differentiated from yellow by two dominant 

complementary genes, and the expected ratio of green to yellow 

(in F2) therefore be 9:7. The expectation on this basis is 

225:175, from which the observed ratio 220:180 deviates by only 

5 individuals. The probable error for a 9:7 ratio where n is 400 

is 6.7 (the same, to the first decimal, as for a i:i ratio). Since 

the deviation is less than the probable error the true ratio could he y 

9:7 from the statistical standpoint. However, this does not prove 

that it is 9:7 — further experimental data are needed to do this. 


Probability of obtaining 
deviation as great or 
greater by chance 
.500 
.312 

*177 

.092 
.043 
.018 
.007 
.002 
< .001 
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Furthermore, even in the assumed example of 227:173, where the 
probable error tells us that the deviation is probably not a chance 
one from a true i:i ratio, the data do not exclude a one factor 
difference- — ^the observed ratio may deviate from i:i because the 
seeds that give yellow seedlings do not germinate as well as do 
those that give green seedlings. Again, further experimental data 
are needed to solve the problem of how the yellow seedling 
character is inherited. 

The above examples illustrate that all statisticaF methods can 
tell one about ratios is what deviations one can reasonably expect 
as a result of sampling errors. They may indicate that a given 
hypothesis does not agree with observed facts, but they do not 
tell one in what respect the hypothesises faulty. A hypothesis 
may be wrong in assuming that one gene is segregating instead 
of two, or merely in that it does not take into account differential 
viability— a calculation of probable errors does not necessarily dis- 
tinguish between two such alternatives. 

Although the calculation of probable errors is simple, tables 
are available for many standard genetic ratios, and values for 
probable errors can be looked up in these (Castle, see references) . 

Probable errors can be applied to crossover values as well as 
to ratios. Since these are usually expressed on a percentage basis, 
the formula is 

Probable error = 100 X 0.67449 where p = proportion 

of crossovers, and q z= i — p. As in the case of Mendelian 
ratios, the above formula for the probable error of a percentage 
is entirely justified when deviations from a mean percentage are 
symmetrically distributed. For very low percentages, the formula 
should be used with caution. 

In the formulae given for calculating probable errors a factor, 
0.67449, is present. The value obtained without this factor is 
known as the (abbreviated S.E,). Since the two 

values, probable error and standard error, always bear a constant 
relation to each other as indicated by the factor 0.67449, 
is no particular point in going to the extra work of 
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able errors. Both standard error and probable error are used 
m genetic literature and one should be careful to note which one 
is used. For converting deviations of various numbers of rim es 
the standard error into probability values, a different table is 
needed than that used for probable errors. A few values are 
given as follows: 


Deviatio n 
Standard error 

1.0 
1-5 

2.0 
2.5 
3-0 
3-5 
4.0 


Probability of obtaining 
a deviation as great or 
greater by chance 

•3174 

.1336 
.0456 
.0124 
.0026 
.0004 
< .0001 


Odds 
against 
(to I) 
2.15 
6.5 
21 
80 
380 
2,500 
17,000 


In this table there is a column headed "Odds against (to i).” 
This is simply another way of expressing the probability of a 
deviation of more than a certain magnitude. It is the ratio of the 
probability of obtaining a deviation of less than a given magnitude 
(expressed in standard error units) to that of obtaining one of 
more than the specified magnitude. Odds against of 21 means 
at there are 21 chances to i against getting a deviation as great 
or greater than the one specified through sampling errors alone. 
Two times the standard error is equivalent to odds against of 21 
and th« IS frequently taken as an arbitrary level of significance 
t.e., a deviation of less is considered not statistically significant 
and one or more as significant from the statistical standpoint 
O^i^ly common sense should be used in applying any such 

in probability is as applicable to measurements as 

XVn of °th in Chapter 

XVII of the inheritance of ear-length in maize, measurement of 

ears from individual plants were made for both parents, for the 

Fi plants and for the plants. Considering only the Fi plants 

the distribution of lengths of individual ears is shown in figure 
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loi to be roughly that of a normal curve. From the observed 
distribution it is possible to calculate the standard error (or 
probable error if this is desired) of the mean (arithmetic average) 
ear-length. In the example chosen the mean ear-length in Fi is 
12.6 cm. The standard error of this is 0.19 cm. The mean is 
usually written together with its standard error in the following 
way: 12.6 ±: 0.19. This standard error of the mean gives a 
measure of the probability of deviations from the true mean of 
a given magnitude occurring as a result of random sampling. 
Thus, there are about three chances of the measured mean deviat- 
ing from the true mean by the amount of the standard error to 
two chances of its deviating by less than the standard error. In 
the example chosen the mean ear-length of the Fi plants is 
12.6 ±10.19, which indicates that the true mean is probably 
within 0.38 (2 times the standard error) of that found. 

It is a simple matter to determine the significance of a dif- 
ference between two measured values. The mean ear-length of 
Fi maize plants is 12.6 ± 0.19 cm., while that of the long-eared 
parent is 16.8 ± 0.18 cm. The difference of these two means 
is 4.2 cm. Some difference could be expected due to errors of 
sampling involved in the determination of both means; the stan- 
dard error of the difference tells one just how much could 
reasonably be expected. The standard error of a difference be- 
tween two non-correlated values is found from the formula 


S.E.di«. = V (S.E.i)2 + (S.E. 2 )" 


where -S.E.i is the standard error of one mean and S.E.2 the 
standard error of the other. Using this formula, the standard 
error of the difference in the two ear-length means given above 
is found to be o.,26. The difference is thus 4.2 ± 0.26 or about 
16 times the standard error. The probability of such a difference 
being the result of errors of sampling is almost zero, much less 
than o.ooQi. 

Here again the use of the usual formulae for standard errors 
assumes a normal distribution of measurements; this fact should 
be constantly kept in mind. 
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Methods of calculating standard errors of the means of meas- 
ured values can be found in any one of the several books referred 
to below. Other useful statistical methods such as those for 
determining agreement between observed and expected ratios 
where there are more than two phenotypes, will likewise be found 
in these references. 
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Panshin, 225 

Parthenogenesis, diploid, 248, 302 
haploid, 248-250, 302 
Patterson, 215 
Pearson, 362 
Peas, cotyledon color, 36 
dwarfness, 39 
flower color, 39 
independent assortment in, 51- 
55 . 

inheritance in, 36-40 
seed shape, 39 
translocations in, 174 
Pericarp color, 90 
Phenotype, 51 
Phenylthiocarbamide, 43 
Phenyl thiourea, 43, 287-288 
Phillips, 47 
Phylloxerans, 360 
Pisum, see Peas. 

Plagge, 348 
Plastids, 324-327 
Polar bodies, 28 
Pollen, 44-46 
defective, 175, 176 
mother-cell, 44-45 
Polyploids, origin of, 295, 296, 
300, 301 

phenotypic characteristics of, 
302-303 

Polyploidy, 295-311 
in animals, 310-311 
secondary, 310 

Poppy, flower color in Shirley, 
355 

Populations, 286-292 
Position elfect, 220-227 
and mutation, 226, 227 
and translocations, 226 
mechanism of, 225, 226 
Primula acaule, heterostyly, 294 
Primula, flower color, 356 
Primula kewensis, 320 
Primula sinensis, tetraploid, 299- 
300 


Probability, 20, 367-380 
Probable error, 373, 377 
Punnett, 360 

Rabbit, albino alleles, 197-198 
Himalayan, 197, 198 
whites, 339 
Radish, 303-305 
Radium, 172 
Randolph, 295, 296 
Raphanobrassica, 303-305 
Rapoport, 222 
Ratios, 27—37, 56-58 
lethals and, 164-166 
tetraploid, 299 
trisomic, 232 
1:2:1, 38 

i:2:i:2:4:2:i:2:i, 55 
2:i:i:o, 87 
37» 58 

9:3:3:1,53-56 
9:3:4, 56-57 
9:7, 56-58 
12:3:1, 58 
i3*-3> 58 

15:1,58,306,307 
27:9:9:3:9:3:3:1, 58 
63:1. 59. 306, 307 
Raynor^ 247 

Reaction rates, 339, 340 
Recessive, 30 
Recombination, 71 
and crossing over, 98-99 
chiasmata and, 81-82 
frequencies, limit of, no 
value, 99 

Reduction divisions, 71 
Reeves, 303 
Renner, 188, 326, 364 
Repeat, 221 
Repulsion, 66 
Reversion of bar, 220-222 
Rhoades, 192, 224, 227, 327 
Ring chromosomes, size changes 
in, 155 

Roberts, E., 353 
Roberts, H. F., 365 
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Rosenberg, 364 
Rothberg, 293 
Rotifers, sex-determination in, 248 
Roxas, 342 

Rumex, intersexes in, 260 
f-unit, 210 

Salivary gland chromosomes, 
130-132 

constitution of, 336 
historical, 364 
maps, 186 
of bar, 221 
Sax, 12, 74, 303, 323 
Schloessmann, 33 
Schrader, 22, 261 
Schultz, 153’, 259, 337 
Scott, 12 

Scott-Moncrieff, 354, 355 
Sea-urchin, dispermk eggs in, 
360 

hybrids of, 328 

Seed plants, sex-determination in, 
245 

Segmental interchange, 128 
Segregation, 27 
in trisomics, 232 
non-random, 236 
Seiler, 247 
Selection, 269-271 
in populations, 289-291 
inbreeding and, 272, 273 
Self-fertilization, effects of, 271, 
272 

natural, 278 
Selfing, 37 
Self-pollination, 37 
Self-sterility, 203 
Semi-lethals, 163 
Sequence of genes, 93 ff. 

Sequence, rule for determining, 
99-100 

Serebrovsicy, 127, 129 
Sex, 245-261 
chromosomes, 17-2 2 
diflFerences, i'j-r22 
inheritance ' of, 17—22 


Sex, number of genes, 259 
reversal, 252 
Sex-determination, 21 
historical relations, 247 
Sex-linkage, 23-24 
Sex-ratio, 20 
man, 21 
Sharp, 90 
Sheep, horns, 261 
Shiwago, 246 
Shull, 58, 274 
Sidorov, 225 
Sinnott, 283, 380 
Sirks, 333 
Slizynska, 146-147 
Snail. See Limnaea. 

Snell, 250 

Snyder, 204, 287, 288 
Solenobia, polyploidy, 310, 31 1 
Spartina, 307-309 
Species, 313-322 
hybrids, 3 14-3 17 
Spermatids, 28 
Spermatocytes, 28 
Sphaerocarpos, 123, 248, 262 
Spillman, 360 
Sprague, 307 
Stadler, 215, 312, 363 
Standard error, 377-380 
Starch test, iodine, 43 
Statistical methods, history of, in 
genetics, 362 
Sterility, genic, 320, 321 

partial, due to translocation, 

self-, 203 

Stern, no, 185, 186, 204, 345, 

346 

Stevens, 21, 247, 360 
Strasburger, 358, 359 
Strong, 280 
Stubbe, 217 

Sturtevant, 141, 221, 236, 349, 
361 

Supersexes, 257, 258 
Sutton, 360 

Sweet pea, pollen shape, 331 
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Synapsis, 74 
Systematics, 313 

Tan, 3^7 

Taste reaction, 43, 287, 288 
Temperature, effect on wings, 353 
Teosinte, hybrid with maize, 314, 
315 

Terminalization, 77 
Terminology, 42-43 
Testcross, 38-39, 51-52 
Tetrad, 75 

Tetraploid, meiosis in, 298, 299 
Tetrasomics, 235 
Three-point-test, 96 
Thrips, sex-determination in, 248 
Tice, 220 

Timofeeff-Ressovsky, 204, 211, 

214-217 

Tobacco. See Nkotiana tabacum. 
Tomatoes, inheritance in, 90 
tetraploid, 299 

Translocation rings, 173-176 
Translocations, 172-191 
heterozygote, 172-173 
homozygote, 178, 181 
position effect and, 226 
reciprocal, 128-129 
simple, 184 

Transplantation, 347-351 
in guinea-pig, 281 
Trichoniscus, polyploidy, 310 
Triploids, in Drosophila melano- 
gaster, 254-256 
meiosis in, 296, 297 
Tripsacum, hybrid with maize, 

303 

tetraploid, 303 
Trisomics, 229-235 
localization of genes by, 234, 
.235 

Trivalent, 229-231 
Tschermak, 36, 359 
Tulipa clusiana, 299 
Tumors, 280-282 
Turning point, 259, 260 
Twin hybrids, 190 


Twin spots, 345-346 
Twins, identical, 282, 283 
Tyzzer, 280 

Univalents, 228 

Van Beneden, 358 
Van Overbeek, 343 
Variability, continuous, 263-271 
differential, 60 
non-genetic, 267, 268 
transgressive, 268 
Variation, 17 

discontinuous, 17 
Verbena, flower color, 355 
Vigor, hybrid, 274-278 
Vries, de, 36, 191, 359, 363 

Wallace, 13, 64 
Warwick, 374, 380 
Weismann, 359 
Wheat, mutations in, 312 
polyploidy, 309 
Whiting, 250, 351 
Wiener, 293 
Wild type, 23 

Wilson, 21-22, 90, 261, 360, 365 

Winge, 364 

Woodworth, 361 

Wriedt, 162, 163 

Wright, 272, 281, 286, 291, 292, 

338, 339. 363. 364 

Xanthophyll, 354 
X chromosomes, non-disjunction 
of, 238-242 
x-rays, 127, 172, 210 
and mutation, 2 10-2 17 

Y CHROMOSOMES, 253 
in birds, 247 
in Lepidoptera, 247 

Zea mays. See 
Zeleny, 220 
Zimmer, 211 
Zygotene, 74 
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THE COMMON SENSE OF THE EXACT SCIENCES, W. K. Clifford. Introduction by James Newman, 
edited by Karl Pearson. For 70 years this has been a guide to classical scientific and 
mathematical thought. Explains with unusual clarity basic concepts, such as extension of 
meaning of symbols, characteristics of surface boundaries, properties of plane figures, 
vectors, Cartesian method of determining position, etc. Long preface by Bertrand Russell. 
Bibliography of Clifford. Corrected, 130 diagrams redrawn. 249pp. S^/a x 8. 

T61 Paperbound $1.60 


SCIENCE THEORY AND MAN, Erwin Schrodinger. This is a complete and unabridged reissue 
of SCIENCE AND THE HUMAN TEMPERAMENT plus an additional essay: "What is an Elementary 
Particle?” Nobel Laureate Schrodinger discusses such topics as nature of scientific method, 
the nature of science, chance and determinism, science and society, conceptual models for 
physical entities, elementary particles and wave mechanics. Presentation is popular and may 
be followed by most people with little or no scientific training, "Fine practical preparation 
for a time when laws of nature, human Institutions . . . are undergoing a critical examina- 
tion without parallel,” Waldemar Kaempffert, N. Y. TIMES, 192pp. 53/8 x 8. 

T428 Paperbound $1,35 


PIONEERS OF SCIENCE, 0. Lodge. Eminent scientist-expositor’s authoritative, yet elementary 
survey of great scientific theories. Concentrating on individuals-— Copernicus, Brahe, Kepler, 
Galileo, Descartes, Newton, Laplace, Herschel, Lord Kelvin, and other scientists— the author 
presents their discoveries In historical order adding biographical material on each man and 
full, specific explanations of their achievements. The clear and complete treatment of the 
post-Newtonian astronomers is a feature seldom found in other books on the subject. Index. 
120 illustrations, xv + 404pp. 53/8 x 8. T716 Paperbound $1.50 


THE EVOLUTION OF SCIENTIFIC THOUGHT FROM NEWTON TO EINSTEIN, A. d’Abro, Einstein’S 
special and general theories of relativity, with their historical implications, are analyzed in 
non-technicai terms. Excellent accounts of the contributions of Newton, Riemann, Weyl, 
Planck, Eddington, Maxwell, Lorentz and others are treated in terms of space and time, 
equations of electromagnetics, finiteness of the universe, methodology of science. 21 dia- 
grams. 482pp. 53/8 X 8. T2 Paperound $2.00 

THE RISE OF THE NEW PHYSICS, A. d’Abro. A half-million word exposition, formerly titled 
THE DECLINE OF MECHANISM, for readers not versed In higher mathematics. The only thor- 
ough explanation, in everyday language, of the central core of modern mathematical physical 
theory, treating both classical and modern theoretical physics, and presenting In terms 
almost anyone can understand the equivalent of 5 years of study of mathematical physics. 
Scientifically impeccable coverage of mathematical-physical thought from the Newtonian 
system up through the electronic theories of Dirac and Heisenberg and Fermi’s statistics. 
Combines both history and exposition? provides a broad yet unified and detailed view, with 
constant comparison of classical and modern views on phenomena and theories. “A must for 
anyone doing serious study in the physical sciences,” JOURNAL OF THE FRANKLiN INSTITUTE, 
"Extraordinary faculty . , . to explain ideas and theories of theoretical physics in the lan- 
guage of daily life,” ISIS, First part of set covers philosophy of science, drawing upon the 
practice of Newton, Maxwell, Poincar§, Einstein, others, discussing modes of thought, experi- 
ment, interpretations of causality, etc. In the second part, 100 pages explain grammar and 
vocabulary of mathematics, with discussions of functions, groups, series, Fourier series, etc. 
The remainder is devoted to concrete, detailed coverage of both classical and quantum 
physics, explaining such topics as analytic mechanics, Hamilton’s principle, wave theory of 
light, electromagnetic waves, groups of transformations, thermodynamics, phase rule, Brownian 
movement, kinetics, special relativity, Planck’s original quantum .theory, Bohr’s atom, 
Zeeman effect, Broglie’s wave mechanics, Heisenberg’s uncertainty, Eigen-values, matrices, 
scores of other Important topics. Discoveries and theories are covered for such men as Alem- 
bert, Born, Cantor, Debye, Euler, Foucault, Galois, Gauss, Hadamard, Kelvin, Kepler, Laplace, 
Maxwell, Pauli, Rayleigh, Voiterra, Weyl, Young, more than 180 others. Indexed. 97 illustra- 
tions, ix ■+• 982pp, 53/8 X 8. T3 Volume 1, Paperbound $2.00 

T4 Volume 2, Paperbound $2,00 

CONCERNING THE NATURE OF THINGS, Sir Wniiam Bragg. Christmas lectures delivered at 
the Royal Society by Nobel laureate. Why a spinning ball travels in a curved track? how 
uranium is transmuted to lead, etc. Partial contents: atoms, gases, liquids, crystals, metals, 
etc. No scientific background needed; wonderful for intelligent child. 32pp. of photos, 57 
figures, xii + 232pp, 5% x 8. T31 Paperbound $1.35 

THE UNIVERSE OF LIGHT, Sir William Bragg. No scientific training needed to read Nobel 
Prize winner’s expansion of his Royal Institute Christmas Lectures, insight into nature of 
light, methods and philosophy of science. Explains tenses, reflection, color, resonance, 
polarization, x-rays, tne speciium, Newton’s work with prisms, Huygens' with polarization, 
urookes’ with cathode ray, etc. Leads Into clear statement or 2 major historical theories 
of light, corpuscle and wave. Dozens of experiments you can do. 199 illus., including 2 
full-page color plates- 293pp. 5% x 8. S538 Paperbound $1.85 



PHYSICS, THE PIONEER SCIENCE, L. W. Taylor. First thorough text to place all Important 
physical phenomena in cultural-historical framework; remains best work of its kind. Exposi- 
tion of physical laws, theories developed chronologically, with great historical, illustrative 
experiments diagrammed, described, worked out mathematically. Excellent physics text 
for self-study as well as class work. Vol. 1; Heat, Sound: motion, acceleration, gravitation, 
conservation of energy, heat engines, rotation, heat, mechanical energy, etc. 211 illus. 
407pp. 53/8 X 8. Vol. 2: Light, Electricity: images, lenses, prisms, magnetism, Ohm’s law, 
dynamos, telegraph, quantum theory, decline of mechanical view of nature, etc. Bibliography. 
13 table appendix. Index. 551 illus. 2 color plates. 508pp. 53/8 x 8. 

Vol. 1 S565 Paperbound $2.00 

Vol. 2 S566 Paperbound $2.00 
The set $4.00 

FROM EUCLID TO EDDINGTON: A STUDY OF THE CONCEPTIONS OF THE EXTERNAL WORLD, 
Sir Edmund Whittaker. A foremost British scientist traces the development of theories of 
natural philosophy from the western rediscovery of Euclid to Eddington, Einstein, Dirac, etc. 
The inadequacy of classical physics is contrasted with present day attempts to understand 
the physical world through relativity, non-Euclidean geometry, space curvature, wave me- 
chanics, etc. 5 major divisions of examination*. Space; Time and Movement; the Concepts 
of Classical Physics; the Concepts of Quantum Mechanics; the Eddington Universe. 212pp. 
53/8 X 8. T491 Paperbound $1.35 

THE STORY OF ATOMIC THEORY AND ATOMIC ENERGY, J. G, Felnberg. Wider range of facts 
on physical theory, cultural implications, than any other similar source. Completely non- 
technical. Begins with first atomic theory, 600 B.C., goes through A-bomb, developments to 
1959. Avogadro, Rutherford, Bohr, Einstein, radioactive decay, binding energy, radiation 
danger, future benefits of nuclear power, dozens of other topfcs, told in lively, related, 
informal manner. Particular stress on European atomic research. “Deserves special mention 
. . . authoritative,” Saturday Review. Formerly “The Atom Story.” New chapter to 1959. 
Index. 34 illustrations. 251pp. 53/8 x 8. T625 Paperbound $1.45 

THE STRANGE STORY OF THE QUANTUM, AN ACCOUNT FOR THE GENERAL READER OF THE 
GROWTH OF IDEAS UNDERLYING OUR PRESENT ATOMIC KNOWLEDGE, B. Hoffmann. Presents 
lucidly and expertly, with barest amount of mathematics, the problems and theories which 
led to modern quantum physics. Dr. Hoffmann begins with the closing years of the 19th 
century, when certain trifling discrepancies were noticed, and with Illuminating analogies 
and examples takes you through the brilliant concepts of Planck, Einstein, Pauli, de Broglie, 
Bohr, Schroedinger, Heisenberg, Dirac, Sommerfeid, Feynman, etc. This edition Includes a 
new, long postscript carrying the story through 1958. “Of the books attempting an account 
of the history and contents of our modern atomic physics which have come to my attention, 
this is the best,” H. Margenau, Yale University, in “AmerLcan Journal of Physics.” 32 tables 
and line illustrations. Index. 275pp. 5^/b x 8. T518 Paperbound $1.45 

SPACE AND TIME, Emile Borel. An entirely non-technical Introduction to relativity, by world- 
renowned mathematician, Sorbonne Professor. (Notes on basic mathematics are included 
separately.) This book has never been surpassed for insight, and extraordinary clarity of 
thought, as it presents scores of examples, analogies, arguments, illustrations, which ex- 
plain such topics as: difficulties due to motion; gravitation a force of inertia; geodesic 
lines; wave-length and difference of phase; x-rays and crystal structure; the special theory 
of relativity; and much more. Indexes. 4 appendixes. 15 figures, xvi ■+■ 243pp. 5% x 8. 

T592 Paperbound $1.45 

THE RESTLESS UNIVERSE, Max Born. New enlarged version of this remarkably readable 
account by a Nobel laureate. Moving from sub-atomic particles to universe, the author 
explains in very simple terms the latest theories of wave mechanics. Partial contents: air 
and its relatives, electrons & ions, waves & particles, electronic structure of the atom, 
nuclear physics. Nearly 1000 illustrations, Including 7 animated sequences. 325pp. 6 x 9. 

T412 Paperbound $2.00 

SOAP SUBBLES, THEIR COLOURS AND THE FORCES WHICH MOULD THEM, C. V. Boys. Only com- 
plete edition, half again as much material as any other. Includes Boys* hints on performing 
his experiments, sources of supply. Dozens of lucid experiments show complexities of 
liquid films, surface tension, etc. Best treatment ever written. Introduction. 83 Illustrations. 
Color plate. 202pp. 5^8 X 8. T542 Paperbound 95^ 

SPINNING TOPS AND GYROSCOPIC MOTION, John Perry. Well-known classic of science still 
unsurpassed for lucid, accurate, delightful exposition. How quasi-rigidity is induced in flexible 
and fluid bodies by rapid motions; why gyrostat falls, top rises; nature and effect on climatic 
conditions of earth’s precessional movement; effect of internal fluidity on rotating bodies, 
etc. Appendixes describe practical uses to which gyroscopes have been put in ships, com- 
passes, monorail transportation. 62 figures. 128pp, 53/3 x 8. T416 Paperbound $1.00 

MATTER & LIGHT, THE NEW PHYSICS, L. de Broglie. Non-technicai papers by a Nobel laureate 
explain electromagnetic theory, relativity, matter, light and radiation, wave mechanics, 
quantum physics, philosophy of science. Einstein, Planck, Bohr, others explained so easily 
that no mathematical training is needed for all but 2 of the 21 chapters. Unabridged. Index. 
300pp. 53/8 x 8. T35 Paperbound $1.60 



A SURVEY OF PHYSICAL THEORY, Max Planck. One of the greatest scientists of all time, 
creator of the quantum revolution in physics, writes in non-technlcal terms of his own 
discoveries and those of other outstanding creators of modern physics. Planck wrote this 
book when science had just crossed the threshold of the new physics, and he communicates 
the excitement felt then as he discusses electromagnetic theories, statistical methods, evolu- 
tion of the concept of light, a step-by-step description of how he developed his own momen- 
tous theory, and many more of the basic ideas behind modern physics. Formerly “A” Survey 
of Physics." Bibliography. Index. 128pp. 5% x 8. S650 Paperbound $1,15 

THE NATURE OF LIGHT AND COLOUR IN THE OPEN AIR, M. Minnaert Why is falling snow 
sometimes black? What causes mirages, the fata morgana, multiple suns and moons in the 
sky? How are shadows formed? Prof. Minnaert of the University of Utrecht answers these and 
similar questions in optics, light, colour, for non-specialists. Particularly valuable to nature, 
science students, painters, photographers. Translated by H. M. Kremer-Priest, K. Jay. 202 
illustrations, including 42 photos, xvl + 362pp. 5% x 8. T196 Paperbound $1.95 

THE STORY OF X-RAYS FROM RONTGEN TO ISOTOPES, A. R. Bleich, Non-technical history of 
x-rays, their scientific explanation, their applications in medicine, industry, research, and 
art, and their effect on the individual and his descendants. Includes amusing early reactions 
to Rontgen’s discovery, cancer therapy, detections of art and stamp forgeries, potential 
risks to patient and operator, etc. Illustrations show x-rays of flower structure, the gall 
bladder, gears with hidden defects, etc. Original Dover publication. Glossary. Bibliography. 
Index. 55 photos and figures, xiv 4- 186pp. 5% x 8. T662 Paperbound $1.35 

TEACH YOURSELF ELECTRICITY, C. W. Wilman. Electrical resistance, inductance, capacitance, 
magnets, chemical effects of current, alternating currents, generators and motors, trans- 
formers, rectifiers, much more. 230 questions, answers, worked examples. List- of units. 115 
illus. 194pp. 6% X 41 / 4 . Clothbound $2.00 

TEACH YOURSELF HEAT ENGINES, E. De Ville. Measurement of heat, development of steam and 
internal combustion engines, efficiency of an engine, compression-ignition engines, production 
of steam, the ideal engine, much more. 318 exercises, answers, worked examples. Tables. 
76 Illus. 220pp. 67/8 x 41/4. Clothbound $2.00 

TEACH YOURSELF MECHANICS, P. Abbott The lever, centre of gravity, parallelogram of force, 
friction, acceleration, Newton's laws of motion, machines, specific gravity, gas, liquid 
pressure, much more, 280 problems, solutions. Tables. 163 illus. 271pp. 67/8 x 4V4. 

Clothbound $2.00 

GREAT IDEAS OF MODERN MATHEMATICS: THEIR NATURE AND USE, Jagjit Singh. Reader with 
only high school math will understand main mathematical ideas of modern physics, astron- 
omy, genetics, psychology, evolution, etc,, better than many who use them as tools, but 
comprehend little of their basic structure. Author uses his wide knowledge of non-mathe- 
matical fields in brilliant exposition of differential equations, matrices, group theory, logic, 
statistics, problems of mathematical foundations, Imaginary numbers, vectors, etc. Original 
publication. 2 appendixes. 2 Indexes. 65 illustr. 322pp, 5% x 8. S587 Paperbound $1.55 

MATHEMATICS IN ACTION, 0. G. Sutton. Everyone with a command of high school algebra 
will find this book one of the finest possible introductions to the application of mathematics 
to physical theory. Ballistics, numerical analysis, waves and wavelike phenomena, Fourier 
series, group concepts, fluid flow and aerodynamics, statistical measures, and meteorology 
are discussed with unusual clarity. Some calculus and differential equations theory is 
developed by the author for the reader’s help in the more difficult sections. 88 figures. 
Index, vlii + 236pp. 54b x 8, T440 Clothbound $3.50 


FREE! All you do is ask for it! 

A DOVER SCIENCE SAMPLER, edited by George Barkin. 64-page book, sturdily 
bound, containing excerpts from over 20 Dover books explaining science. 
Edwin Hubble, George Sarton, Ernst Mach, A. d'Abro, Galileo, Newton, others, 
discussing island universes, scientific truth, biological phenomena, stability 
In bridges, etc. Copies limited, no more than 1 to a customer. FREE 


THE FOURTH DlMi."iSION SIMPLY EXPUINED, edited by H. P. Manning. 22 essays, originally 
Scientific American contest entries, that use a minimum of mathematics to explain aspects 
of 4-dimensional geometry: analogues to 3-dimensional space, 4-dimensional absurdities and 
curiosities (such as removing the contents of an egg without puncturing Its shell), possible 
measurements and forms, etc. Introduction by the editor. Only book of its sort on a truly 
elementary level, excellent introduction to advanced works. 82 figures. 251pp, 5% x 8. 

T711 Paperbound $1.35 

FAMOUS BRIDGES OF THE WORLD, D. B. Steinman. An up-to-the-minute revised edition of a 
book that explains the fascinating drama of how the world's great bridges came to be buitt. 
The author, designer of the famed Mackinac bridge, discusses bridges from all periods and 

all parts of the world, explaining their various types of construction, and describing the 

problems their builders faced. Although primarily for youngsters, this cannot fail to interest 

readers of all ages. 48 illustrations in the text. 23 photographs. 99pp. SVs x 91 / 4 . 

T161 Paperbound $1.00 


BRIDGES AND THEIR BUILDERS, David Steinman and Sara Ruth Watson. Engineers, historians, 
everyone who has ever been fascinated by great spans will find this book an endless 
source of information and Interest. Dr. Steinman, recipient of the Louis Levy medal, was 
one of the great bridge architects and engineers of all time, and his analysis of the great 
bridges of history is both authoritative and easily followed. Greek and Roman bridges, 
medieval bridges, Oriental bridges, modern works such as the Brooklyn Bridge and the 
Golden Gate Bridge, and many others are described in terms of history, constructional prin- 
ciples, artistry, and function. All in all this book is the most comprehensive and accurate 
semipopular history of bridges in print in English. New, greatly revised, enlarged edition. 
23 photographs, 26 line drawings. Index, xvil + 401pp. 5% x 8. T431 Paperbound $2.00 


FADS AND FALLACIES IN THE NAME OF SCIENCE, Martin Gardner. Examines various cults, 
quack systems, frauds, delusions which at various times have masqueraded as science. 
Accounts of hollow-earth fanatics like Symmes; VelikovsKy and wandering planets; Hoer- 
biger; Bellamy and the theory of multiple moons; Charles Fort; dowsing, pseudoscientific 
methods for finding water, ores, oil. Sections on naturopathy, iridiagnosis, zone therapy, 
food fads, etc. Analytical accounts of Wilhelm Reich and orgone sex energy: 1. Ron Hubbard 
and Dianetics; A. Korzybski and General Semantics; many others. Brought up to date to 
include Bridey Murphy, others. Not just a collection of anecdotes, but a fair, reasoned 
appraisal of eccentric theory. Formerly titled IN THE NAME OF SCIENCE. Preface. Index, 
x -F- 384pp. 5% x 8. T394 Paperbound $1.S0 

See also: A PHILOSOPHICAL ESSAY ON PROBABILITIES, P. de Laplace; ON MATHEMATICS AND 
MATHEMATICIANS, R. E. MoritZ; AN ELEMENTARY SURVEY OF CELESTIAL MECHANICS, Y. RyabOV; 
THE SKY AND ITS MYSTERIES, E. A. Beet; THE REALM OF THE NEBULAE, E. Hubble; OUT OF 
THE SKY, H. H. Nininger; SATELLITES AND SCIENTIFIC RESEARCH, D. King-Hele; HEREDITY 
AND YOUR LIFE, A. M. Winchester; INSECTS AND INSECT LIFE, S. W. Frost; PRINCIPLES OF 
STRATIGRAPHY, A. W. Grabau; TEACH YOURSELF SERIES. 


HISTORY OF SCIENCE AND MATHEMATICS 

DIALOGUES CONCERNING TWO NEW SCIENCES, Galileo Galilei. This classic of experimental 
science, mechanics, engineering, is as enjoyable as It is important. A great historical docu- 
ment giving insights into one of the world’s most original thinkers, it is based on 30 years' 
experimentation. It offers a lively exposition of dynamics, elasticity, sound, ballistics, 
strength of materials, the scientific method. “Superior to everything else of mine,’’ Galileo, 
Trans, by H. Crew, A. Salvio. 126 diagrams. Index, xxi + 288pp. 5% x 8. 

S99 Paperbound $1.65 


A DIDEROT PICTORIAL ENCYCLOPEDIA OF TRADES AND INDUSTRY, Manufacturing and the 
Technical Arts in Plates Selected from “L’Encyclopddie ou Oictionnaire Raisonnd des Sciences, 
des Arts, et des Metiers” of Denis Diderot. Edited with text by C. Gilllspie. This first modern 
selection of plates from the high point of 18th century French engraving is a storehouse 
of valuable technological information to the historian of arts and science. Over 2000 
illustrations on 485 full page plates, most of them original size, show the trades and 

industries of a fascinating era in such great detail that the processes and shops might 
very well be reconstructed from them. The plates teem with life, with men, women, and 
children performing all of the thousands of operations necessary to the trades before and 
during the early stages of the industrial revolution. Plates are in sequence, and show 
general operations, closeups of difficult operations, and details of complex machinery. Such 
Important and interesting trades and Industries are iliustrated as sowing, harvesting, bee- 
l^eping, cheesemaking, operating windmills, milling flour, charcoal burning, tobacco process- 
ing, indigo, fishing, arts of war, salt extraction, mining, smelting, casting iron, steel, 
extracting mercury, zinc, sulphur, copper, etc., slating, tinning, silverplating, gilding, 

making gunpowder, cannons, bells, shoeing horses, tanning, papermaking, printing, dyeing, 
and more than 40 other categories. Professor Gillispie, of Princeton, supplies a full com- 
mentary on all the plates, identifying operations, tools, processes, etc. This material, pre- 
sented in a lively and lucid fashion, is of great interest to the reader interested in history 
of science and technology. Heavy library cloth. 920pp. 9 x 12. T421 Two volume set $18.50 

DE MAGNETE, William Gilbert. This classic work on magnetism founded a new science. Gilbert 
was the first to use the word “electricity’’, to recognize mass as distinct from weight, to 

discover the effect of heat on magnetic bodies; invent an electroscope, differentiate 

between static electricity and magnetism, conceive of the earth as a magnet. Written by 
the first great experimental scientist, this lively work is valuable not only as an historical 
landmark, but as the delightfully easy to follow record of a perpetually searching, ingenious 
mind. Translated by P. F. Motteiay. 25 page biographical memoir. 90 figures, lix + 368pp. 
5 ^ X 8. S470 Paperbound $2.00 



CHARLES BABBAGE AND HIS CALCULATING ENGINES, edited toy P, Morrison and E. Morrison. 

Babbage, leading 19th century pioneer in mathematical machines and herald of modern 
operational research, was the true father of Harvard's relay computer Mark I. His Difference 
Engine and Analytical Engine were the first machines in the field. This volume contains a 
valuable introduction on his life and work; major excerpts from his autobiography, revealing 
his eccentric and unusual personality; and extensive selections from “Babbage’s Calculating 
Engines,” a compilation of hard-to-find journal articles by Babbage, the Countess of Lovelace, 
L. F. Menabrea; and Dionysius Lardner. 8 illustrations, Appendix of miscellaneous papers. 
Index. Bibliography, xxxviii + 400pp. 5% x 8. T12 Paperbound $2.00 

A HISTORY OF ASTRONOMY FROM THALES TO KEPLER, J. L. E. Oreyer. (Formerly A HISTORY 
OF PLANETARY SYSTEMS FROM THALES TO KEPLER.) This is the only work in English to give 
the complete history of man’s cosmological views from prehistoric times to Kepler and 
Newton. Partial contents; Near Eastern astronomical systems, Early Greeks, Homocentric 
Spheres of Eudoxus, Epicycles, Ptolemaic system, medieval cosmology, Copernicus, Kepler, 
etc. Revised, foreword by W. H. Stahl. New bibliography, xvii + 430pp. 53/8 x 8. 

S79 Paperbound $1.98 

A SHORT HISTORY OF ANATOMY AND PHYSIOLOGY FROM THiE GREEKS TO HARVEY, Charles 
Singer. Corrected edition of THE EVOLUTION OF ANATOMY, classic work tracing evolution of 
anatomy and physiology from prescientific times through Greek & Roman periods. Dark Ages, 
Renaissance, to age of Harvey and beginning of modern concepts, Centered on individuals, 
movements, periods that definitely advanced anatomical knowledge: Plato, Diodes, Aristotle, 
Theophrastus, Herophilus, Erasistratus, the Alexandrians, Galen, Mondino, da Vinci, Linacre, 
Sylvius, others. Special section on Vesalius; Vesallan atlas of nudes, skeletons, muscle 
tabulae, index of names, 20 plates. 270 extremely Interesting illustrations of ancient, 
medieval, Renaissance, Oriental origin, xii + 209pp. 53/8 x 8. T389 Paperbound $1,75 

FROM MAGIC TO SCIENCE, Charles Singer. A great historian examines aspects of medical 
science from the Roman Empire through the Renaissance. Includes perhaps the best discus- 
sion of early herbals, and a penetrating physiological interpretation of “The Visions of 
Hildegarde of Bingen.” Also examined are Arabian and Galenic influences; the Sphere of 
Pythagoras; Paracelsus; the reawakening of science under Leonardo da Vinci, Vesalius; the 
Lorica of Gildas the Briton; etc. Frequent quotations with translations. New Introduction by 
the author. New unabridged, corrected edition. 158 unusual illustrations from classical 
and medieval sources. Index, xxvii 4- 365pp. 53^ x 8. T390 Paperbound $2.00 

HISTORY OF MATHEMATICS, D. E, Smith. Most comprehensive non-technical history of math 
in English. Discusses lives and works of over a thousand major and minor figures, with 
footnotes supplying technical Information outside the book’s scheme, and indicating dis- 
puted matters. Vol 1; A chronological examination, from primitive concepts through Egypt, 
Babylonia, Greece, the Orient, Rome, the Middle Ages, the Renaissance, and up to 1900. 
Vol 2: The development of ideas In specific fields and problems, up through elementary 
calculus. Two volumes, total of 510 illustrations, 1355pp. 53/8 x 8 . Set boxed in attractive 
container. T429, 430 Paperbound, the set $5.00 

A SHORT ACCOUNT OF THE HISTORY OF MATHEMATICS, W. W. R. Ball. Most readable non- 
technical history of mathematics treats lives, discoveries of every important figure from 
Egyptian, Phoenician mathematicians to late 19th century. Discusses schools of Ionia, 
Pythagoras, Athens, Cyzicus, Alexandria, Byzantium, systems of numeration; primitive arith- 
metic; Middle Ages, Renaissance, including Arabs, Bacon, Regiomontanus, Tartaglia, Cardan, 
Stevinus, Galileo, Kepler; modern mathematics of Descartes, Pascal, Wallis, Huygens, Newton, 
Leibnitz, d’Alembert, Euler, Lambert, Laplace, Legendre, Gauss, Hermite, Welerstrass, 
scores more. Index. 25 figures. 546pp. 5% x 8. S630 Paperbound $2.00 

A SOURCE BOOK IN MATHEMATICS, D. E. Smith. Great discoveries in math, from Renaissance 
to end of 19th century, in English translation. Read announcements by Dedekind, Gauss, 

Delamain, Pascal, Fermat, Newton, Abel, Lobachevsky, Bolyai, Riemann, De Moivre, Legendre, 

Laplace, others of discoveries about Imaginary numbers, number congruence, slide rule, 
equations, symbolism, cubic algebraic equations, non-Euclidean forms of geometry, calcufus, 
function theory, quaternions, etc. Succinct selections from 125 different treatises, articles, 
most unavailable elsewhere in English. Each article preceded by biographical, historical 
introduction. Vol. I; Fields of Number, Algebra. Index. 32 illus, 338pp. 5% x 8. Vol. 11; 
Fields of Geometry, Probability, Calculus, Functions, Quaternions. 83 illus, 432pp. 5% x 8. 

Vol. 1; S552 Paperbound $1.85 

Vol. 2; S553 Paperbound $1.85 

2 vol. set, boxed $3.50 

A HISTORY OF THE CALCULUS, AND ITS CONCEPTUAL DEVELOPMENT, Car! B. Boyer. Pro- 
vides laymen and mathematicians a detailed history of the development of the cafculus, 
from early beginning in antiquity to final elaboration as mathematical abstractions. Gives 
a sense of mathematics not as a technique, but as a habit of mind, in the progression of 
ideas of Zeno, Plato, Pythagoras, Eudoxus, Arabic and Scholastic mathematicians, Newton, 
Leibnitz, Taylor, Descartes, Euler, Lagrange, Cantor, Welerstrass, and others. This first com- 
prehensive critical history of the calculus was originally titled “The Concepts of the 
Calculus.” Foreword by R. Courant. Preface. 22 figures. 25-page bibliography. Index, v •+■ 
364pp. 53/b X 8. S509 Paperbound $2.00 


A CONCISE HISTORY OF MATHEMATICS, D. Struik. Lucid study of development of mathematical 
ideas, techniques from Ancient Near East, Greece, Islamic science, Middle Ages, Renaissance, 
modern times. Important mathematicians are described in detail. 'Treatment is not anecdotal. 
but analytical development of Ideas. “Rich in content, thoughtful in interpretation,” U.S, 
QUARTERLY BOOKLIST. Non-technical; no mathematical training needed. Index. 60 Illustra- 
tions, including Egyptian papyri, Greek mss., portraits of 31 eminent mathematicians. Bib- 
liography. 2nd edition, xix + 299pp. 5 % x 8. T255 Paperbound $1.75 

R. Bonola; THEORY OF DETERMINANTS IN HISTORICAL 
ORDER OF DEVELOPMENT, T. Muirj HISTORY OF THE THEORY OF ELASTICITY AND STRENGTH 
OF MATERIALS, I. Todhunter and K. Pearson; A SHORT HISTORY OF ASTRONOMY, A. Berry: 
CLASSICS OF SCIENCE. ' 


PHILOSOPHY OF SCIENCE AND MATHEMATICS 


FOUNDATIONS OF SCIENCE; THE PHILOSOPHY OF THEORY AND EXPERIMENT, N. R- Campbell. 

A critique of the most fundamental concepts of science in general and physics In particular. 
Examines why certain propositions are accepted without question, demarcates science from 
philosophy, clarifies the understanding of the tools of science. Part One analyzes the pre- 
suppositions of scientific thought: existence of the material world, nature of scientific 
laws, multiplication of probabilities, etc.: Part Two covers the nature of experiment and the 
application of mathematics: conditions for measurement, relations between numerical laws 
and theories, laws of error, etc. An appendix covers problems arising from relativity, force, 
motion, space, and time. A classic in its field. Index, xiii + 565pp. SVs x 83/^. 

S372 Paperbound $2.95 


WHAT IS SCIENCE?, Norman Campbell. This excellent introduction explains scientific method, 
role of mathematics, types of scientific laws. Contents; 2 aspects of science, science & 
nature, laws of science, discovery of laws, explanation of laws, measurement & numerical 
laws, applications of science. 192pp. 5% x 8. S43 Paperbound $1.25 


THE VALUE OF SCIENCE, Henri Poincar§. Many of the most mature ideas of the “last scientific 
universalist” covered with charm and vigor for both the beginning student and the advanced 
worker. Discusses the nature of scientific truth, whether order is innate in the universe 
or imposed upon it by man, logical thought versus intuition (relating to math, through the 
works of Weierstrass, Lie, Klein, Riemann), time and space (relativity, psychological time, 
simultaneity), Hertz’s concept of force, interrelationship of mathematical physics to pure 
math, values within disciplines of Maxwell, Carnot, Mayer, Newton, Lorentz, etc. Index, 
iii + 147pp. 5% x 8. S469 Paperbound $1.35 


SCIENCE AND METHOD, Henri Poincare. Procedure of scientific discovery, methodology, experi- 
ment, idea-germination— the intellectual processes by which discoveries come into being. 
Most significant and most Interesting aspects of development, application of ideas. Chapters 
cover selection of facts, chance, mathematical reasoning, mathematics, and logic; Whitehead, 
Russell, Cantor; the new mechanics, etc. 288pp. 5% X 8. S222 Paperbound $1.35 

SCIENCE AND HYPOTHESIS, Henri Poincar§. Creative psychology in science. How such con- 
cepts as number, magnitude, space, force, classical mechanics were developed, and how thfe 
modern scientist uses them in his thought. Hypothesis in physics, theories of modern 
physics. Introduction by Sir James Larmor. “Few mathematicians have had the breadth of 
Vision of Poincar6, and none is his superior in the gift of clear exposition,” E. T. Bell, 
Index. 272pp. 5% x 8. S221 Paperbound $1.35 

PHILOSOPHY AND THE PHYSICISTS, L. S. Stebbing. The philosophical aspects of modern 
science examined In terms of a lively critical attack on the ideas of Jeans and Eddington. 
Discusses the task of science, causality, determinism, probability, consciousness, the relation 
of the world of physics to that of everyday experience. Probes the philosophical significance 
of the Planck-Bohr concept of discontinuous energy levels, the inferences to be drawn from 
Heisenberg’s Uncertainty Principle, the implications of “becoming” involved in the 2nd law 
of thermodynamics, and other problems posed by the discarding of Laplacean determinism. 
285pp. 5% X 8, T48Q Paperbound $1.65 

EXPERIMENT AND THEORY IN PHYSICS, Max Born. A Nobel laureate examines the nature and 
value of the counterclaims of experiment and theory in physics. Synthetic versus analytical 
scientific advances are analyzed in the work of Einstein, Bohr, Heisenberg, Planck, Eddington, 
Milne, and others by a fellow participant. 44pp. 53/8 x 8. S308 Paperbound 60^ 


THE NATURE OF PHYSICAL THEORY, P. W. Bridgman. Here is how modern physics looks to a 
highly unorthodox physicist—a Nobel laureate. Pointing out many absurdities of science, and 
demonstrating the inadequacies of various physical theories, Dr. Bridgman weighs and ana- 
lyzes the contributions of Einstein, Bohr, Newton, Heisenberg, and many others. This is a 
non-technical consideration of the correlation of science -and reality. Index. xi + 138pp. 
5% X 8. S33 Paperbound $1.25 

THE PHILOSOPHY OF SPACE AND TIME, H. Reichenbach. An important landmark in the develop- 
ment of the empiricist conception of geometry, covering the problem of the foundations of 
geometry, the theory of time, the consequences of Einstein’s relativity, inciuding: reiations 
between theory and observations; coordinate and metrical properties of space; the psycholog- 
ical problem of visual intuition of non-Euclldean structures; and many other important topics 
in modern science and philosophy. The majority of ideas require only a knowledge of inter- 
mediate math. Introduction by R. Carnap. 49 figures. Index, xvlii + 296pp. 53/fe x 8. 

S443 Paperbound $2.00 

MATTER & MOTION, James Clerk Maxwell, This excellent exposition begins with simple par- 
ticles and proceeds gradually to physical systems beyond complete analysis: motion, force, 
properties of centre of mass of material system, work, energy, gravitation, etc. Written with 
ail Maxwell's original insights and clarity. Notes by E. Larmor. 17 diagrams. 178pp. 5% x 8. 

S188 Paperbound $1.35 

THE ANALYSIS OF MATTER, Bertrand Russell. How do our senses concord with the new 
physics? This volume covers such topics as logical analysis of physics, prerelativity physics, 
causality, scientific inference, physics and perception, special and general relativity, Weyl’s 
theory, tensors, invariants and their physical interpretation, periodicity and qualitative series. 
“The most thorough treatment of the subject that has yet been published,” THE NATION. 
Introduction by L. E. Denonn. 422pp. 5% x 8. T231 Paperbound $1.95 

SUBSTANCE AND FUNCTION, & EINSTEIN'S THEORY OF RELATIVITY. Ernst Cassirer. Two books 
bound as one. Cassirer establishes a philosophy of the exact sciences that takes into con- 
sideration newer developments In mathematics, and also shows historical connections. Partial 
contents: Aristotelian logic, Mill's analysis, Helmholtz & Kronecker, Russell & cardinal num- 
bers, Euclidean vs. non-Euclldean geometry, Einstein’s relativity. Bibliography. Index, xxi -P 
465pp. 5% x 8. T50 Paperbound $2.00 

PRINCIPLES OF MECHANICS, Heinrich Hertz. This last work by the great 19th century 
physicist Is not only a classic, but of great interest in the logic of science. Creating a new 
system of mechanics based upon space, time, and mass, It returns to axiomatic analysis, 
to understanding of the formal or structural aspects of science, taking into account logic, 
observation, and a priori elements. Of great historical importance to Poincar6, Carnap, Ein- 
stein, Milne. A 20-page introduction by R. S. Coheny Wesleyan University, analyzes the impll- 
cations of Hertz's thought and the logic of science. Bibliography. 13-page introduction by 
Heimholtz. Xlii + 274pp. 53/fe X 8. S316 Clothbound $3.50 

S317 Paperbound $1.85 

THE PHILOSOPHICAL WRITINGS OF PEIRCE, edited by Justus Buchler. (Formerly published as 
THE PHILOSOPHY OF PEIRCE.) This is a carefully balanced exposition of Peirce's complete 
system, written by Peirce himself. It covers such matters as scientific method, pure chance 
vs. law, symbolic logic, theory of signs, pragmatism, experiment, and other topics. Intro- 
duction by Justus Buchler, Columbia Uoiversity. xvi + 368pp. 5^ x 8. 

ESSAYS IN EXPERIMENTAL LOGIC, John Dewey. This stimulating series of essays touches upon 
the relationship between inquiry and experience, dependence of knowledge upon thought, 
character of logic; judgments of practice, data and meanings, stimuli of thought, etc. Index, 
vilf + 444pp. 5% X 8. T73 Paperbound $1,95 

LANGUAGE, TRUTH AND LOGIC, A. Ayer. A clear introduction jVkiflfta and Cambridge 

schools of Logical Positivism. It sets op specific tests by which. evaluate validity of 

ideas, etc. Contents; Function of philosophy, elimination of mel^^^ios, nature of analysis, 
a priori, truth and probability, etc. lOth printing. “I should like ^ have written it myself,**' 
Bertrand Russell. Index. 160pp. 5% x 8. TIO Paperbound $1.25 

THE PSYCHOLOGY OF INVENTION IN THE MATHEMATICAL FIELD, J. Hadatnard. Where do ideas 
come from? What role does the unconscious play? Are Ideas best developed by mathematical 
reasoning, word reasoning, visualization? What are the methods used by Einstein, Poincarfi, 
Galton, Riemann? How can these techniques be applied by others? Hadamard, one of the 
world's leading mathematicians, discusses these and other questions, xiii -P 145pp. 5% x 8. 

T107 Paperbound $1.25 

FOUNDATIONS OF GEOMETRY, Bertrand Russell. Analyzing basic problems in the overlap area 
between mathematics and philosophy, Nobel laureate Russell examines the nature of geo- 
metrical knowledge, the nature of geometry, and the application of geometry to space, 
it covers the history of non-Euclidean geometry, philosophic interpretations of geometry — 
especially Kant — projective and metrical geometry. This is most interesting as the solution 
offered in 1897 by a great mind to a problem still current. New introduction by Prof. Morris 
Kline of N. Y. University, xil + 201pp. 5% x 8. S232 Clothbound $3.25 

S233 Paperbound $1.60 


BIBLIOGRAPHIES 


SUIDE TO THE LITERATURE OF MATHEMATICS AND PHYSICS, M. 6. Parke III. Over 5000 entries 

included under approximately 120 major subject headings, of selected most Important books, 
monographs, periodicals, articles in English, plus Important works In German, French, 
Italian, Spanish, Russian (many recently available works). Covers every branch of physics, 
math, related engineering. Includes author, title, edition, publisher, place, date, number of 
volumes, number of pages, A 40-page introduction on the basic problems of research and 
study provides useful information on the organization and use of libraries, the psychology 
of learning, etc. This reference work will save you hours of time. 2nd revised edition. 
Indices of authors, subjects. 464pp, 5% x 8. S447 Paperbound ?2.49 

THE STUDY OF THE HISTORY OF MATHEMATICS & THE STUDY OF THE HISTORY OF SCIENCE, 
George Sarton. Scientific method & philosophy in 2 scholarly fields. Defines duty of historian 
of math., provides especially useful bibliography with best available biographies of modern 
mathematicians, editions of their collected works, correspondence. Observes combination 
of history & science, will aid scholar in understanding science today. Bibliography includes 
best known treatises on historical methods. 200-item critically evaluated bibliography. 
Index. 10 illustrations. 2 volumes bound as one. 113pp. + 75pp. 53/8 x 8. 

T240 Paperbound $1.25 


MATHEMATICAL PUZZLES 


AMUSEMENTS IN MATHEMATICS, Henry Ernest Dudeney. The foremost British originator of 
mathematical puzzles is always intriguing, witty, and paradoxical in this classic, one of the 
largest collections of mathematical amusements. More than 430 puzzles, problems, and 
paradoxes. Mazes and games, problems on number manipulation, unicursal and other route 
problems, puzzles on measuring, weighing, packing, age, kinship, chessboards, joiners', 
crossing river, plane figure dissection, and many others. Solutions. More than 450 Illustra- 
tions, vii -f 258pp. 53/8 x 8. T473 Paperbound $1.25 

THE CANTERBURY PUZZLES, Henry Ernest Dudeney. Chaucer’s pilgrims set one another prob- 
lems in story form. Also Adventures of the Puzzle Club, the Strange Escape of the King’s 
Jester, the Monks of Riddlewell, the Squire’s Christmas Puzzle Party, and others. All puzzles 
are original, based on dissecting plane figures, arithmetic, algebra, elementary calculus, and 
other branches of mathematics, and purely logical Ingenuity. “The limit of ingenuity and 
intricacy . . .“ The Observer. Over 110 puzzles. Full solutions. 150 illustrations, viii 4- 225pp. 
5% x 8. T474 Paperbound $1.25 

SYMBOLIC LOGIC and THE GAME OF LOGIC, Lewis Carroll. ’’Symbolic Logic" is not concerned 
with modern symbolic logic, but is instead a collection of over 380 problems posed with 
charm and imagination, using the syllogism, and a fascinating diagrammatic method of draw- 
ing conclusions. In “The Game of Logic," Carroli’s whimsical imagination devises a logical 
game played with 2 diagrams and counters (included) to manipulate hundreds of tricky syl- 
logisms. The final section, “Hit or Miss" is a lagniappe of 101 additional puzzles in the 
delightful Carrol! manner. Until this reprint edition, both of these books were rarities cost- 
ing up to $15 each. Symbolic Logic; Index, xxxi + 199pp. The Game of Logic*. 96pp. Two 
^ols. bound as one. 53/fe x 8. T492 Paperbound $1.50 

PILLOW PROBLEMS and A TANGLED TALE, Lewis Carroll. One of the rarest of all Carroli's 
works, “Pillow Problems" contains 72 original math puzzles, ail typically ingenious. Partic- 
ularly fascinating are Carroll’s answers which remain exactly as he thought them out, 
reflecting his actual mental processes. The problems in “A Tangled Tale" are In story form, 
originally appearing as a monthly magazine serial. Carroll not only gives the solutions, but 
uses answers sent In by readers to discuss wrong approaches and misleading paths, and 
grades them for insight. Both of these books were rarities until this edition, “Pillow Prob- 
lems" costing up to $25, and “A Tangled Tale" $15. Pillow Problems; Preface and introduc- 
tion by Lewis Carroll, xx + 109pp. A Tangled Tale; 6 illustrations. 152pp. Two vols. bound 
as one, 5% x 8. T493 Paperbound $1.50 

DIVERSIONS AND DIGRESSIONS OF LEWIS CARROLL. A major new treasure for Carroll fans! 
Rare pfivateiy pubiished puzzles, mathematical amusements and recreations, games, includes 
the fragmentary Part III of “Curlosa Mathematica." Also contains humorous and satirical 
pieces: “The New Belfry," “The Vision of the Three T’s," and much more. New 32-page 
supplement of rare photographs taken by Carroll. Formerly titled “The Lewis Carroll Picture 
Book." Edited by S. Collingwood. x -I- 375pp. 5% x 8. T732 Paperbound $1.50 


MATHEMATICAL PUZZLES OF SAM LOYD, Vol. I, selected and edited by M. Gardner. Puzzles 
by the greatest puzzle creator and Innovator., Selected from his famous “Cyclopedia of 
Puzzles,” they retain the unique style and historical flavor of the originals. There are posers 
based on arithmetic, algebra, probability, game theory, route tracing, topology, counter, 
sliding block, operations research, geometrical dissection. Includes his famous “14-15” 
puzzle which was a national craze, and his “Horse of a Different Color” which sold millions 
of copies. 117 of his most ingenious puzzles in all, 120 line drawings and diagrams. Solu- 
tions. Selected references, xx + 167pp. 5% x 8. T498 Paperbound $1.00 

MATHEMATICAL PUZZLES OF SAM LOYD, Vol. 11, selected and edited by Martin Gardner. The 

outstanding second selection from the great American innovator’s “Cyclopedia of Puzzles”: 
speed and distance problems, clock problems, plane and solid geometry, calculus problems, 
etc. Analytical table of contents that groups the puzzles according to the type of mathematics 
necessary to solve them. 166 puzzles, 150 original line drawings and diagrams. Selected 
references, xiv + 177pp. 5% x 8. T709 Paperbound $1.00 

CALIBAN’S PROBLEM BOOK: MATHEMATICAL, INFERENTIAL, AND CRYPTOGRAPHIC PUZZLES, 
H. Phillips (“Caliban”), S. T. Shovelton, G. S. Marshall. 105 Ingenious problems by the great- 
est living creator of puzzles based on logic and inference. Rigorous, modern, .piquant, and 
reflecting their author's unusual personality, these intermediate and advanced puzzles all 
involve the ability to reason clearly through complex situations; some call for mathematical 
knowledge, ranging from algebra to number theory. Solutions, xi + 180pp. 53/fe x 8. 

T736 Paperbound $1.25 

MATHEMATICAL PUZZLES FOR BEGINNERS AND ENTHUSIASTS, G. Mott-Smith. 188 mathematical 
puzzles to test mental agility. Inference, interpretation, algebra, dissection of plane figures* 
geometry, properties of numbers, decimation, permutations, probability, all enter these 
delightful problems. Puzzles like the Odic Force, How to Draw an Ellipse, Spider’s Cousin, 
more than 180 others. Detailed solutions. Appendix with square roots, triangular numbers, 
primes, etc. 135 illustrations. 2nd revised edition. 248pp. 5% x 8. T198 Paperbound $1.00 

INGENIOUS MATHEMATICAL PROBLEMS AND METHODS, L. A. Graham. 100 best problems from 
Graham “Dial,” at least 3/4 absolutely original in book form, submitted by applied mathe- 
maticians and math puzzle fans. Posed In practical terms, utilize number theory, statistics, 
compass geometry, networks, inversion, in proofs. Accent on heuristics (problem-solving 
technique) with various methods of solution discussed, compared, for each problem. First 
publication. Full solutions. 254pp. 5% X 8. T545 Paperbound $1.45 

101 PUZZLES IN THOUGHT AND LOGIC, C. R. Wylie, Jr. Designed for readers who enjoy the 
challenge and stimulation of logical puzzles without specialized mathematical or scientific 
knowledge. These problems are entirely new, and range from relatively easy to brain-teasers 
that will afford hours of subtle entertainment. It contains detective puzzles, how to find the 
lying fisherman, how a blind man can identify color by logic, and many more. Easy-to- 
understand introduction to the logic of puzzle solving and general scientific method. 128pp. 
5% X 8. T367 Paperbound $1.00 

MAZES AND LABYRINTHS: A BOOK OF PUZZLES, W. Shepherd. Mazes, formerly associated with 
mystery and ritual, are still among the most intriguing of Intellectual puzzles. This is a 
novel and different collection of 50 amusements that embody the principle of the maze; 
mazes in the classical tradition; 3-dimensional, ribbon, and Mbbius-strip mazes; hidden mes- 
sages; spatial arrangements; etc. — almost ail built on amusing story situations. 84 illustra- 
tions. Essay on maze psychology. Solutions, xv + 122pp. 5% x 8. T731 Paperbound $1.00 

MATHEMAGIC, MAGIC PUZZLES, AND GAMES WITH NUMBERS, Royal V. Heath. Over 60 new 
puzzles and stunts based on properties of numbers. Demonstrates easy techniques for multi- 
plying large numbers mentally, identifying unknown numbers, determining date of any day 
in any year, dozens of similar useful, entertaining applications of mathematics. Entertain- 
ments like The Lost Digit, 3 Acrobats, Psychic Bridge, magic squares, triangles, cubes, 
circles, other material not easily found elsewhere. Edited by J. S. Meyer. 76 illustrations. 
128pp. 5% X 8 TllO Paperbound $1.00 

MATHEMATICAL RECREATIONS, M. Kraitchik. Some 250 puzzles, problems, demonstrations of 
recreational mathematics for beginners & advanced mathematicians. Unusual historical prob- 
lems from Greek, Medieval, Arabic, Hindu sources: modern problems based on “mathematics 
without numbers,” geometry, topology, arithmetic, etc. Pastimes derived from figurative 
numbers, Mersenne numbers, Fermat numbers; fairy chess, latruncies, reversi, many topics. 
Full solutions. Excellent for Insights into special fields of math. 181 illustrations. 330pp. 
5% X 8. T163 Paperbound $1.75 

PUZZLE aulz AND STUNT FUN, Jerome Meyer. 238 high-priority puzzles, stunts, and tricks— 
mathematical puzzles like The Clever Carpenter, Atom Bomb, Please Help Alice; mysteries 
and deductions like The Bridge of Sighs, Dog Logic, Secret Code; observation puzzlers like 
The American Flag, Playing Cards, Telephone Dial; more than 200 others involving magic 
squares, tongue twisters, puns, anagrams, word design. Answers Included. Revised, enlarged 
edition of FUN-TO-DO. Over 100 illustrations. 238 puzzles, stunts, tricks. 256pp. 5% x 8, 

T337 Paperbound $1*00 


THE BOOK OF MODERN PUZZLES, G. L. Kaufman. More than 150 word puzzles, logic puzzles. 
No warmed-over fare but all new material based on same appeals that make crosswords 
and deduction puzzles popular, but with different principles, techniques. Two-minute teasers, 
involved word-labyrinths, design and pattern puzzles, puzzles calling for logic and observa- 
tion, puzzles testing ability to apply general knowledge to peculiar situations, many others. 
Answers to all problems. 116 illustrations. 192pp. 5% X 8, T143 Paperbound $1.00 

NEW WORD PUZZLES, Gerald L. Kaufman. Contains 100 brand new challenging puzzles based 
on words and their combinations, never published before in any form. Most are new types 
invented by the author— -for beginners or experts. Chess word puzzles, addle letter anagrams, 
double word squares, double horizontals, alphagram puzzles, dual acrostigrams, linkogram 
lapwords— plus 8 other brand new types, all with solutions included. 196 figures. 100 brand 
new puzzles, vi -f 122pp. 5% x 8. T344 Paperbound $1.00 


MATHEMATICAL RECREATIONS 

MATHEMATICS, MAGIC AND MYSTERY, Martin Gardner. Card tricks, feats of mental mathe- 
matics, stage mind-reading, other “magic" explained as applications of probability, sets, 
theory of numbers, topology, various branches of mathematics. Creative examination of laws 
and their applications with scores of new tricks and, insights. 115 sections discuss tricks 
wtih cards, dice, coins; geometrical vanishing tricks, dozens of others. No sleight of hand 
needed; mathematics guarantees success. 115 illustrations, xii + 174pp. 53^^ x 8, 

T335 Paperbound $1.00 

MATHEMATICAL EXCURSIONS, Helen A. Merrill. Fun, recreation, insights into elementary 
problem-solving. A mathematical expert guides you along by-paths not generally travelled 
in elementary math courses— how to divide by inspection, Russian peasant system of 
multiplication; memory systems for pi; building odd and even magic squares; dyadic 
systems; facts about 37; square roots by geometry; Tchebichev's machine; drawing five-sided 
figures; dozens more. Solutions to more difficult ones. 50 illustrations. 145pp. 53^ x 8. 

T350 Paperbound $1.00 

CRYPTOGRAPHY, L. D. Smith. Excellent elementary introduction to enciphering, deciphering 
secret writing. Explains transposition, substitution ciphers; codes; solutions. Geometrical 
patterns, route transcription, columnar transposition, other methods. Mixed cipher systems; 
single-alphabet, polyalphabetical substitution; mechanical devices; Vigenere system, etc. 
Enciphering Japanese; explanation of Baconian Biliteral cipher; frequency tables. More than 
150 problems provide practical application. Bibliography. Index. 164pp. 5% x 8, 

T247 Paperbound $1.00 

CRYPTANALYSIS, Helen F. Gafnes. (Formerly ELEMENTARY CRYPTANALYSIS.) A standard ele- 
mentary and intermediate text for serious students. It does not confine itself to old material, 
but contains much that is not generally known, except to experts. Concealment, Transposi- 
tion, Substitution ciphers; Vigenere, Kasiski, Playfair, multafid, dozens of other techniques. 
Appendix with sequence charts, letter frequencies In English, 5 other languages, English 
word frequencies. Bibliography. 167 codes. New to this edition; solution to codes, vi -1- 
230pp, 5% x 8. T97 Paperbound $1.95 

MAGIC SQUARES AND CUBES, W. S. Andrews. Only book-length treatment in English, a thor- 
ough non-technical description and analysis. Here are nasik, overlapping, pandiagonal, ser- 
rated squares; magic circles, cubes, spheres, rhombuses. Try your hand at 4-dimensional 
magical figures! Much unusual folklore and tradition included. High school algebra is suffi- 
cient, 754 diagrams and illustrations, viii + 419pp. 5% x 8. T658 Paperbound $1.85 

PAPER FOLDING FOR BEGINNERS, W. D. Murray and F. i. Rigney. A delightful introduction to 
thf varied and entertaining Japanese art of origami (paper folding), with a full crystal-clear 
text that anticipates every difficuity; over 275 clearly labeled diagrams of all important 
stages In creation. You get results at each stage, since complex figures are logically devel- 
oped from simpler ones. 43 different pieces are explained: place mats, drinking cups; bonbon 
boxes, sailboats, frogs, roosters, etc. 6 photographic plates. 279 diagrams. 95pp. 5% x 8%. 

T713 Paperbound $1.00 


CHESS, CHECKERS, GAMES, GO 

A TREASURY OF CHESS LORE, edited by Fred Reinfeld. A delightful collection of anecdotes, 
short stories, aphorisms by and about the masters, poems, accounts of games and tourna- 
ments, photographs. Hundreds of humorous, pithy, satirical, wise, and historical episodes, 
comments, and word portraits. A fascinating “must” for chess players; revealing and per- 
haps seductive to those who wonder what their friends see in the game. 49 photographs (14 
full page plates). 12 diagrams, xi 306pp. 5% x 8. 1458 Paperbound $1.75 



THE ADVENTURE OF CHESS, Eaward Lasker. A lively story of the history of chess, from its 
ancient beginnings in the Indian four-handed game of Chaturanga, through to the great 
players of our own day, as told by one of America's finest chess masters. He introduces 
such unusual sidelights and amusing oddities as Maelzel's chess playing automaton that 
beat Napoleon three times. One of tne most valuable features of this work is the author’s 
personal recollections of men he has played against and known—Nimzovich, Emanuel 
Lasker, Capablanca, Alekhine, etc. Lasker’s discussion of chess-playing machines (revised 
for this edition) is particularly knowledgeable, since he is an electrical engineer by pro- 
fession. 5 page chess primer. 11 illustrations; 53 diagrams. 296pp. 5% x 8. 

T510 Paperbound $1.45 


FREE! All you do is ask for it! 

HOW DO YOU PLAY CHESS?, Fred Reinfeld. A 40-page book of 86 lively ques- 
tions and answers explaining all aspects of chess to beginners, by a noted 
writer on chess. Copies limited, no more than 1 to a customer. 


THE PLEASURES OF CHESS, Assiac. Internationally-known British writer, influentiar chess 
columnist, writes wittily about wide variety of chess subjects: Anderssen's '‘immortal 
Game;” only game In which both opponents resigned at once; psychological tactics of 
Reshevsky, Lasker; varieties played by masters for relaxation, such as“losing chesS;” 
sacrificial orgies; etc. These anecdotes, witty observations will give you fresh appreciation 
of game. 43 problems. 150 diagrams. 139pp. 5% x 8, T597 Paperbound $1.25 

WIN AT CHESS, Fred Reinfeld. 300 practical chess situations enable you to sharpen your 
chess eye and test your skill against the masters. You start with simple examples and progress 
at your own pace to complex positions. This selected series of crucial moments in chess 
will stimulate your imagination and enable you to develop a stronger more versatile game. 
A simple grading system enables you to judge your progress through the course of the 
book. 300 diagrams. Notes and solutions to every situation. Formerly entitled CHESS 
QUIZ, vi + 120pp. 5% X 8. T438 Paperbound $1,00 

THE ART OF CHESS, James Mason. An unabridged reprinting of the latest revised edition 
of the most famous general study of chess ever written. Also included, a complete supple- 
ment by Fred Reinfeld, “How Do You Play Chess?”, invaluable to beginners for Its lively 
question and answer method. Mason, an early 20th century master, teaches the beginning 
and intermediate player more than 90 openings, middle game, end game, how to see more 
moves ahead, to plan purposefully, attack, sacrifice, defend, exchange, and govern general 
strategy. Supplement. 448 diagrams. 1947 Reipfeld-Bernstein text. Bibliography, xvi + 
340pp. 5% X 8. T463 Paperbound $1.85 

THE PRINCIPLES OF CHESS, James Mason. This “great chess classic” (N. Y. Times) is a 
general study covering all aspects of the game*, basic forces, resistance, obstruction, opposi- 
tion, relative values, mating, typical end game situations, combinations, much more. The 
last section discusses openings, with 50 games illustrating modern master play of Rubin- 
stein, Spielmann, Lasker, Capablanca, etc., selected and annotated by Fred Reinfeld. Will 
improve the game of any intermediate-skilled player. 1946 Reinfeld edition. 166 diagrams 
378pp. 5% X 8. T646 Paperbound $1.85 

LASKER'S MANUAL OF CHESS, Dr. Emanuel Lasker. World Champion 28 years, perhaps greatest 
modern player, writes one of most thorough studies on all facets of chess. How to gain 
advantage, value of pieces, combinations, etc. Dozens of openings analyzed. Valuable Illu- 
mination, elaboration of theories of Steinitz. For intermediate-skilled player, but may be 
read by beginner. Introduction. Indexes. 308 illus. 397pp. 5% x 8. T533 Paperbound $1.00 

THE ART OF CHESS COMBINATION, E. Znosko-Borovsky. Proves that combinations, perhaps the 
most aesthetically satisfying, successful technique in chess, can be an integral part of 
your game, instead of a haphazard occurrence. Games of Capablanca, Rubinstein, NImzovich 
Bird, etc. grouped according to common features, perceptively analyzed to show that every 
combination begins in certain simple ideas. Will help you to plan many moves ahead. Tech- 
nical terms almost completely avoided. “In the teaching, of chess he may claim to have no 
superior,” P. W, Sergeant, Introduction. Exercises. Solutions. Index. 223pp. 5% x 8. 

T583 Paperbound $1.45 

CHESS STRATEGY, Edward Lasker. Classic study has taught 2 generations of players, including 
. Grandmasters Fine, Keres. Emphasis is on general strategy, not memorization. How to* formu- 
4 , late general s^tegy in terms of opponent's weaknesses, how to form “pawn skeleton,'’ 
objects of attack, backward pawns, etc. 48 major tournament games analyzed. “The finest 
book I know of In the English language,” J. R. Capablanca. Introduction. Index. 167 illus. 
, 5% x8, f T528 Paperbound $1.50 


CHEMISTRY AND PHYSICAL CHEMISTRY 


ORGANIC CHEMISTRY, F. C. Wiiitmore^ The entire subject of organic chemistry for the practic- 
ing chemist and the advanced student. Storehouse of facts, theories, processes found else- 
where only in specialized journals. Covers aliphatic compounds (500 pages on the properties 
and synthetic preparation of hydrocarbons, halides, proteins, ketones, etc.), alicyciic com- 
pounds, aromatic compounds, heterocyclic compounds, organophosphorus and organometallic 
compounds. Methods of synthetic preparation analyzed critically throughout. Includes much of 
biochemical interest, “The scope of this volume is astonishing," INDUSTRIAL AND ENGINEER- 
ING CHEMISTRY. 12,000-reference index. 2387-item bibliography. Total of x + 1005pp. 5% x 8. 
Two volume set S700 Vol I Paperbound $2.00 

S701 Vol II Paperbound $2.00 
The set $4.00 

THE PRINCIPLES OF ELECTROCHEMISTRY, D. A* Macinnes. Basic equations for almost every 
subfield of ^electrpchemistry from first principles, referring at ail times to the soundest and 
most recent theories and results? unusually useful as text or as reference. Covers coulometers 
and Faraday's Law, electrolytic conductance, the Debye-Hueckel method for the theoretical 
calculation of activity coefficients, concentration cells, standard electrode potentials, thermo- 
dynamic ionization constants, pH, potentiometric titrations, irreversible phenomena, Planck's 
equation, and much more. “Excellent treatise," AMERICAN CHEMICAL SOCIETY JOURNAL, 
“Highly recommended," CHEMICAL AND METALLURGICAL ENGINEERING. 2 Indices. Appendix. 
585-item bibliography. 137 figures. 94 tables, ii + 478pp. 5% x 8%. 

$52 Paperbound $2.35 

TM CHEMISTRY OF URANIUM: THE ELEMENT, ITS BINARY AND RELATED COMPOUNDS, J. J. Katz 
and E. Rabinowitch. Vast post-World War 11 collection and correlation of thousands of AEC 
reports and published papers in a useful and easily accessible form, still the most complete 
and up-to-date compilation. Treats “dry uranium chemistry," occurrences, preparation, prop- 
erties, simple compounds. Isotopic composition, extraction from ores, spectra, alloys, etc. Much 
materia! available only here. Index. Thousands of evaluated bibliographical references. 324 
tables, charts, figures, xxi + 609pp. 5% x 8. S757 Paperbound $2.95 

KINETIC THEORY OF LIQUIDS, J. Frenkel. Regarding the kinetic theory of liquids as a gen- 
eralization and extension of the theory of solid bodies, this volume covers all types of 
arrangements of solids, thermal displacements of atoms, interstitial atoms and ions, 
orientational and rotational motion of molecules, and transition between states of matter. 
Mathematical theory is developed close to the physical subject matter. 216 bibliographical 
footnotes. 55 figures, xi + 485pp. 5% x 8. S94 Clothbound $3.95 

S95 Paperbound $2.45 

POLAR MOLECULES, Pieter Debye. This work by Nobel laureate Debye offers a complete guide 
to fundamental electrostatic field relations, polarizability, molecular structure. Partial con- 
tents*. electric intensity, displacement and force, polarization by orientation, molar polariza- 
tion and molar refraction, halogen-hydrides, polar liquids, Ionic saturation, dielectric con- 
stant, etc. Special chapter considers quantum theory. Indexed. 172pp. 5% x 8. 

$64 Paperbound $1.50 

ELASTICITY, PLASTICITY AND STRUCTURE OF MATTER, R. Houwink. Standard treatise on 
rheological aspects of different technically important solids such as crystals, resins, textiles, 
rubber, clay, many others. Investigates general laws for deformations? determines divergences 
from these laws for certain substances. Covers general physical and mathematical aspects 
of plasticity, elasticity, viscosity. Detailed examination of deformations, internal structure 
of matter In relation to elastic and plastic behavior, formation of solid matter from a fluid, 
conditions for elastic and plastic behavior of matter. Treats glass, asphalt, gutta percha, 
balata, proteins, baker's dough, lacquers, sulphur, others. 2nd revised, enlarged edition. 
Extensive revised bibliography in over 500 footnotes, index. Table of symbols. 214 figures, 
^iil + 368pp. 6 X 9V4. $385 Paperbound $2.45 

THE PHASE RULE AND ITS APPLICATION, Alexander Findlay. Covering chemical phenomena 
of 1, 2, 3, 4, and multiple component systems, this “standard work on the subject’.' 
(NATURE, London), has been completely revised and brought up to date by A. N. Campbell 
and N. 0. Smith. Brand new material has been added on such matters as binary, tertiary 
liquid equilibria, solid solutions In ternary systems, quinary systems of salts and water. 
Completely revised to triangular coordinates in ternary systems, clarified graphic repre- 
serrtation, solid models, etc. 9th revised edition. Author, subject indexes, 236 ngures. 505 
footnotes, mostly bibliographic, xli + 494pp. 5% x 8. S91 PaperBound $2.45 


TERNARY SYSTEMS: INTRODUCTION TO THE THEORY OF THREE COMPONENT SYSTEMS. G. 

Masing. Furnishes detailed discussion of representative types of 3-components systems, both 
in solid models (particularly metallic alloys) and isothermal models. Discusses mechanical 
mixture without compounds and without solid solutions; unbroken solid solution series; 
solid solutions with solubility breaks in two binary systems; iron-silicon-aluminum alloys; 
aliotroplc forms of iron in ternary system; other topics. Bibliography, Index. 166 illustra- 
tions. 178pp. 5% X 83/8. S631 Paperbound $1.45 

THE STORY OF ALCHEMY AND EARLY CHEMISTRY, J. M. Stillman. An authoritative, scholarly 
work, highly readable, of development of chemical knowledge from 4000 B.C. to downfall 
of phlogiston theory in late 18th century. Every important figure, many quotations. Brings 
alive curious, almost incredible history of alchemical beliefs, practices, writings of 
Arabian Prince Oneeyade, Vincent of Beauvais, Geber, Zosimos, Paracelsus, Vitruvius, scores 
more. Studies work, thought of Black, Cavendish, Priestley, Van Helmont, Bergman, Lavoisier, 
Newton, etc. Index, Bibliography. 579pp. 53/fe x 8 . S628 Paperbound $2.45 

See also: ATOMIC SPECTRA AND ATOMIC STRUCTURE, G. Herzberg; INVESTIGATIONS ON THE 
THEORY OF THE BROWNIAN MOVEMENT, A. Einstein; TREATISE ON THERMODYNAMICS, M. Planck. 


ASTRONOMY AND ASTROPHYSICS 


AN ELEMENTAKY SURVEY OF CELESTIAL MECHANICS, Y. Ryabov. Elementary exposition of 

gravitational theory and celestial mechanics. Historical Introduction and coverage of basic 
principles, including: the elliptic, the orbital plane, the 2- and 3-body problems, the dis- 
covery of Neptune, planetary rotation, the length of the day, the shapes of galaxies, satel- 
lites (detailed treatment of Sputnik 1), etc. First American reprinting of successful Russian 
popular exposition. Elementary algebra and trigonometry helpful, but not necessary; presenta- 
tion chiefly verbal. Appendix of theorem proofs. 58 figures. 165pp. 53/8 x 8 , 

T756 Paperbound $1.25 

THE SKY AND ITS MYSTERIES, E. A. fleet. One of most lucid books on mysteries of universe; 
deals with astronomy from earliest observations to latest theories of expansion of universe, 
source of stellar energy, birth of planets, origin of moon craters, possibility of life on 
other planets. Discusses effects of sunspots on weather; distances, ages of several stars; 
master plan of universe; methods and tools of astronomers; much more. ^‘Eminently readable 
book,” London Times. Extensive bibliography. Over 50 diagrams. 12 full-page plates, fold-out 
star map. Introduction, index, 238pp. 5 V 4 x IVz. T627 Clothbound $3.00 

THE REALM OF THE NEBULAE, E. Hubbie. One of the great astronomers of our time records 
his formulation of the concept of “island universes,” and its impact on astronomy. Such 
topics are covered as the velocity-distance relation*, classification, nature, distances, general 
field of nebulae; cosmological theories,* nebulae in the neighborhood of the Milky Way. 39 
photos of nebulae, nebulae clusters, spectra of nebulae, and velocity distance relations 
shown by spectrum comparison, “One of the most progressive lines of astronomical re- 
search,” The Times (London). New Introduction by A. Sandage. 55 illustrations.. Index, iv + 
201pp. 5% X 8 . S455 Paperbound $1.50 

OUT OF THE SKY, H. H. Nininger. A non-technical but comprehensive introduction to “me- 
teoritics”, the young science concerned with all aspects of the arrival of* matter from 
outer space. Written by one of the world’s experts on meteorites, this work shows how, 
despite difficulties of observation and sparseness of data, a considerable body'of knowledge 
has arisen, it defines meteors and meteorites; studies fireball clusters and processions, 
meteorite composition, size, distribution, showers, explosions, origins, craters, and much 
more. A true connecting link between astronomy and geology. More than 175 photos, 22 other 
illustrations. References. Bibliography of author's publications on meteorites. Index, viii + 
336pp. 5% X 8 . T519 Paperbound $M5 

SATELLITES AND SCIENTIFIC RESEARCH, D. King-Hele. Non-technical account of the manmade 
satellites and the discoveries they have yielded up to the spring of 1959. Brings together 
information hitherto published only in hard-to-get scientific journals. Includes the life history 
of a typical satellite, methods of tracking, new information on the shape of the earth, zones 
of radiation, etc. Over 60 diagrams and 6 photographs. Mathematical appendix. Bibliography 
of over 100 items. Index, xii + 180pp. 5% x 8 y 2 . T703 Clothbound $4.00 

HOW TO MAKE A TELESCOPE, Jean Texereau. Enables the most inexperienced td choose, 
design, and build an f /6 or f /8 Newtonian type reflecting telescope, with an altazimuth 
Couder mounting, suitable for lunar, planetary, and stellar observation. A practical step-by- 
step course covering every operation and every piece of equipment. Basic principles of 
geometric and physical optics are discussed (though unnecessary to construction), and the 
merits of reflectors and refractors compared. A thorough discussion of eyepieces, finders, 
grinding, installation, testing, using the instrument, etc. 241 figures and 38 photos show 
almost every operation and tool. Potential errors are anticipated as much as possible. 
Foreword by A. Couder. Bibliography and sources of supply listing. Index, xiii -h 191pp. 
6 ^x 10 . T464 Clothbound $3.50 


an INTRODUCTORY TREATISE ON DYNAMICAL ASTRONOMY, H. C. Plummer. Unusuariy wide con- 
nected and concise coverage of nearly every significant branch of dynamical astronomy, stress- 
ing basic principles throughout: determination of orbits, planetary theory, lunar theory, pre- 
cession and nutation, and many of their applications. Hundreds of formulas and theorems 
worked out completely, important methods thoroughly explained. Covers motion under a 
central attraction, orbits of double stars and spectroscopic binaries, the libration of the moon, 
and much more. Index. 8 diagrams, xxi + 343pp. 5^^ x 8%. S689 Paperbound ^2.35 

A COMPENDIUM OF SPHERICAL ASTRONOMY, S. Newcomb. Long a standard collection of basic 
methods and formulas most useful to the working astronomer, and clear full text for students. 
Includes the most important common approximations; 40 pages on the method of least squares*, 
general theory of spherical coordinates; parallax; aberration; astronomical refraction; theory 
of precession; proper motion of the stars; methods of deriving positions of stars; and much 
more, index. 9 Appendices of tables, formulas, etc. 36 figures, xvlii + 444pp. 53/s x 8. 

8690 Paperbound $2.25 

AN INTRODUCTORY TREATISE ON THE LUNAR THEORY, E. W. Brown. Indispensable for all 
scientists and engineers interested in orbital calculation, satellites, or navigation of space. 
Only work in English to explain in detail 5 major mathematical approaches to the problem of 
3 bodies, those of Laplace, de Pont^coulant, Hansen, Delaunay, and Hill. Covers expressions 
for mutual attraction, equations of motion, forms of solution, variations of the elements In 
disturbed motion, the constants and their Interpretations, planetary and other disturbing 
influences, etc. Index. Bibliography. Tables, xvi 4- 292pp. 55/fe x 8%. 

S666 Paperbound $2.00 

LES METHODES NOUVELLES DE LA MECANIDUE CELESTE, H. Poincarg. Complete text (in 
F»nch) of one of Poincare's most important works. This set revolutionized celestial mechanics; 
first use of integral invariants, first major application of linear differential equations, study 
of periodic orbits, lunar motion and Jupiter’s satellites, three body problem, and many other 
important topics. “Started a new era . . . so extremely modern that even today few have 
mastered his weapons," E. T. Bell. Three volumes. Total 1282pp. SVe x 9V4. 

Vol. 1. S401 Paperbound $2.75 
Vol. 2. $402 Paperbound $2.75 
Vol. 3. $403 Paperbound $2.75 
The set $7.50 

SPHERICAL AND PRACTICAL ASTRONOMY, W. Chauvenet First book in English to apply mathe- 
matical techniques to astronomical problems is still standard work. Covers almost entire 
field, rigorously, with over 300 examples worked out Vol. 1, spherical astronomy, applications 
to nautical astronomy; determination of hour angles, parallactic angle for known stars; 
Interpolation; parallax; laws of refraction; predicting eclipses; precession, nutation of fixed 
stars; etc. Vol. 2, theory, use, of instruments; telescope; measurement of arcs, angles in 
general; electro-chronograph; sextant, reflecting circles; zenith telescope; etc. 100-page 
appendix of detailed proof of Gauss’ method of least squares. 5th revised edition. Index. 15 
plates, 20 tables. 1340pp. Ss/s x 8. Vol. 1 $618 Paperbound $2.75 

Vol. 2 $619 Paperbound $2.75 
The set $5.50 

THE INTERNAL CONSTITUTION OF THE STARS, Sir A. S. Eddington. Influence of this has been 
enormous; first detailed exposition of theory of radiative equilibrium for stellar interiors, 
of all available evidence for existence of diffuse matter in interstellar space. Studies quantum 
theory, polytroplc gas spheres, mass-luminosity relations, variable stars, etc. Discussions of 
equations paralleled with informal exposition of intimate relationship of astrophysics with 
great discoveries in atomic physics, radiation. Introduction. Appendix. Index. 421pp. 5% x ’8. 

S563 Paperbound $2.25 

ASTRONOMY OF STELLAR ENERGY AND DECAY, Martin Johnson. Middle level treatment of 
astronomy as interpreted by modern atomic physics. Part One is non-technical, examines 
physical properties, source of energy, spectroscopy, fluctuating stars, various models and 
tiieories, etc. Part Two parallels these topics, providing their •mathematical foundation. 
“Clear, concise, and readily understandable," American Library Assoc. Bibliography. 3 Indexes. 
29 illustrations. 216pp. 53/b x 8. S537 Paperbound $1.50 

• RADIATIVE TRANSFER, S. Chandrasekhar. Definitive work in field provides foundation for 
analysis of stellar atmospheres, planetary illumination, sky radiation; to physicists, a study 
of problems analogous to those in theory of diffusion of neutrons. Partial contents: equation 
of transfer, isotropic scattering, H-functions, diffuse reflection and transmission, Rayleigh 
scattering, X, Y functions, radiative equilibrium of stellar atmospheres. Extensive bibliog- 
raphy. 3 appendices. 35 tables. 35 figures, 407pp. x 8%. 3599 Paperbound $2.25 

AN INTRODUCTION TO THE STUDY OF STELLAR STRUCTURE, Subrahmanyan Chandrasekhar. Out- 
standing treatise on stellar dynamics by one of world’s greatest astrophysicists. Uses classical 
& modern math methods to examine relationship between loss of energy, the mass, and 
radius of stars in a steady state. Discusses thermodynamic laws from Caratheodory’s axio- 
matic standpoint; adiabatic, polytropic laws; work of Ritter, Emden, Kelvin, others; Stroemgren 
envelopes as starter for theory of gaseous stars; Gibbs statistical mechanics (quantum); 
degenerate stellar configuration & theory of white dwarfs, etc. “Highest level of scientific 
merit," BULLETIN, AMER. MATH. SOC. Bibliography. Appendixes. •'Index. 33 figures. 509pp. 
54b X 8. S413 Paperbound $2.75 


PRINCIPLES OF STELLAR DYNAMICS, S. Chandrasekhar. A leading astrophysicist here presents 
the theory of stellar dynamics as a branch of classical dynamics, clarifying the fundamental 
issues and the underlying motivations of the theory. He analyzes the effects of stellar en- 
counters in terms of the classical 2-body problem, and investigates problems centering about 
Liouville's theorem and the solutions of the equations of continuity. This edition also includes 
4 Important papers by the author published since “Stellar Dynamics,” and equally indispens- 
able for all workers in the field; “New Methods in Stellar Dynamics” and “Dynamical Friction, v 
Parts I, 11, and 111. Index. 3 Appendixes. Bibliography. 50 illustrations, x + 313pp. 5% x8. 

S659 Paperbound $2.00 

A SHORT HISTORY OF ASTRONOMY, A. Berry. Popular standard work for over 50 years, this 
thorough and accurate volume covers the science from primitive times to the end of the 19th 
century. After the Greeks and the Middle Ages, individual chapters analyze Copernicus, Brahe, 
Galileo, Kepler, and Newton, and the mixed reception of their discoveries. Post-Newtonian 
achievements are then discussed in unusual detail; Halley, Bradley, Lagrange, Laplace, 
Herschel, Bessel, etc. 2 Indexes. 104 Illustrations, 9 portraits, xxxi + 440pp. 5% x 8. 

T210 Paperbound $2.00 

THREE COPERNICAN TREATISES, translated with notes by Edward Rosen. 3 papers available 
nowhere else in English; “The Commentariolus” and “Letter against Werner” of Coper- 
nicus; the “Narratio prima" of Rheticus. The “Commentariolus” Is Copernicus's most lucid 
exposition of his system. The “Letter against Werner” throws light on development of 
Copernicus's thought. The “Narratio prima” is earliest printed presentation of the new 
astronomy. “Educational and enjoyable,” Astrophysical Journal. Corrected edition. Biograph- 
ical introduction. 877-item bibliography of virtually every book, article, on Copernicus 
published 1939-1958. Index. 19 illustrations. 218pp. 5% x 8. S585 Paperbound $1.'^ 


EARTH SCIENCES 


PRINCIPLES OF STRATIGRAPHY, A. W. Grabau. Classic of 20th century geology, unmatched in 
scope and comprehensiveness. Nearly 600 pages cover the structure and origins of every kind 
of sedimentary, hydrogenic, oceanic, pyroclastic, atmoclastic, hydroclastic, marine hydroclastic, 
and bioclastic rock; metamorphism; erosion; etc. Includes also the constitution of the atmos- 
phere; morphology of oceans, rivers, glaciers; volcanic activities; faults and earthquakes; and 
fundamental principles of paleontology (nearly 200 pages). New Introduction by Prof. M. Kay, 
Columbia U. 1277 bibliographical entries. 264 diagrams. Tables, maps, etc. Two volume set. 
Total of xxxii + 1185pp. 53^ x 8. S686 Vol 1 Paperbound $2.50 

S687 Vol II Paperbound $2.50 
The set $5.00 

THE GEOLOGICAL DRAMA, H. and G. Termier. Unusual work by 2 noted French geologists: not 
the usual survey of geological periods, but general principles; continent formation, the Influ- 
ence of ice-ages and earth movements in shaping the present-day land masses, the creation and 
advance of life, the position of man. Readable and authoritative survey for the layman; excel- 
lent supplement for the student of geology; important collection of recent European theories 
for the American geologist. Much material appears here for the first time in a non-technlcal 
work. Index. 30 photographs, 5 diagrams. 5 maps. 144pp. 6x9. T702 Clothbound $3.®5 

THE EVOLUTION OF THE IGNEOUS ROCKS, N. L. Bowen. Invaluable serious introduction applies 
techniques of physics and chemistry to explain igneous rock diversity in terms of chemical 
composition and fractional crystallization. Discusses liquid Immiscibility in silicate magmas, 
crystal sorting, liquid lines of descent, fractional resorption of complex minerals, petrogenesis, 
etc. Of prime importance to geologists & mining engineers, also to physicists, chemists 
working with high temperatures and pressures. “Most Important,” TIMES, London. 3 indexes. 
263 bibliographic notes, 82 figures, xvlll + 334pp. 5% x 8. S311 Paperbound $1.85 

INTERNAL CONSTITUTION OF THE EARTH, edited by Beno Gutenberg. Completely revised. 
Brought Up-to-date, reset. Prepared for the National Research Council this Is a complete & 
thorough coverage of such topics as earth origins, continent formation, nature & behavior 
of the earth’s core, petrology of the crust, cooling forces in the core, seismic & earthquake 
material, gravity, elastic constants, strain characteristics and similar topics. “One is filled 
with admiration ... a high standard . . . there is no reader who will not learn something 
from this book,” London, Edinburgh, Dublin, Philosophic Magazine. Largest bibliography in 
print; 1127 classified items. Indexes. Tables of constants. 43 diagrams. 439pp. 6% x STA. 

S414 Paperbound $2.45 

HYDROLOGY, edited by Oscar E. Meinzer. Prepared for the National Research Council. De- 
tailed complete reference library on precipitation, evaporation, snow, snow surveying, 
glaciers, lakes, infiltration, soil moisture, ground water, runoff, drought, physical changes 
produced by water, hydrology of limestone terranes, etc. Practical in application, especially 
valuable for engineers. 24 experts have created “the most up-to-date, most complete 
treatment of the subject,” AM. ASSOC, of PETROLEUM GEOLOGISTS. Bibliography. Index. 165 
Illustrations, xi + 712pp. eVa x 9V4, S191 Paperbound $2.85 
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THE BIRTH AND DEVELOPMENT OF THE GEOLOGICAL SCIENCES, F. D. Adams. Most thorough 
history of the earth sciences ever written. Geological thought from earliest times to the end 
of the 19th century, covering over 300 early thinkers & systems: fossils & their explanation, 
vuicanists vs. neptunists, figured stones & paleontology, generation of stones, dozens of 
similar topics. 91 illustrations, including medieval, renaissance woodcuts, etc. Index, 632 
footnotes, mostly bibliographical. 511pp. 5% x 8. T5 Paperbound $2.00 


DE RE METALLICA, Georgius Agricola. 400-year old classic translated, annotated by former 
President Herbert Hoover. The first scientific study of mineralogy and mining, for over 
200 years after Its appearance in 1556, it was the standard treatise. 12 books, exhaustively 
annotated, discuss the history of mining, selection of sites, types of deposits, making pits, 
shafts, ventilating, pumps, crushing machinery; assaying, smelting, refining metais; also 
salt, alum, nitre, glass making. Definitive edition, with all 289 16th century woodcuts of 
the original. Biographical, historical introductions, bibliography, survey of ancient authors. 
Indexes. A fascinating book for anyone interested in art, history of science, geology, etc. 
Deluxe edition. 289 illustrations. 672pp. 6% x 10%. Library cloth. S6 Clothbound $10.00 


GEOGRAPHICAL ESSAYS, Williatn Morris Davis. Modern geography & geomorphology rest on 
the fundamental work of this scientist. 26 famous essays presenting most important theories, 
field researches. Partial contents; Geographical Cycle, Plains of Marine and Subaerjal Denuda- 
tion, The Peneplain, Rivers and Valleys of Pennsylvania, Outline of Cape Cod» Sculpture 
of Mountains by Glaciers, etc. '‘Long the leader & guide," ECONOMIC GEOGRAPHY. "Part of 
the very texture of geography . . . models of clear thought,” GEOGRAPHIC REVIEW. Index, 
130 figures, vi + 777pp. 5% x 8. S383 Paperbound $2,95 


A HISTORY OF ANCIENT GEOGRAPHY, E. H. Bunbury. Standard study, In English, of ancient 
geography; never equalled for scope, detail. First full account of history of geography from 
Greeks’ first world picture based on mariners, through Ptolemy. Discusses every important 
map, discovery, figure, travel, expedition, war, conjecture, narrative, bearing on subject. 
Chapters on Homeric geography, Herodotus, Alexander expedition, Strabo, Pliny, Ptolemy, 
would stand alone as exhaustive monographs. Includes minor geographers, men not usually 
regarded in this context; Hecataeus, Pythea, Hipparchus, Artemidorus, Marinus of Tyre, etc. 
Uses Information gleaned from military campaigns such as Punic wars, Hannibal’s passage of 
Alps, campaigns of Lucullus, Pompey, Caesar’s wars, the Trojan war. New introduction by 
W. H. Stahl, Brooklyn College. Bibliography. Index. 20 maps. 1426pp. 5% x 8, 

T570-1, clothbound, 2 volume set $12.50 


URANIUM PROSPECTING, H. L. Barnes. For immediate practical use, professional geologist con- 
siders uranium ores, geological occurrences, field conditions, all aspects of highly profitable 
occupation. Index. Bibliography, x -f 117pp. 5% x 8. T309 Paperbound $1.00 


BIOLOGICAL SCIENCES 


THE ORIGIN OF LIFE, A. I. Oparin. A classic of biology. This is the first modern statement 
of the theory of gradual evolution of life from nitrocarbon compounds. A brand-new evaluation 
of Oparin's theory in light of later research, by Dr. S. Morgulis, University of Nebraska. 
XXV -P 270pp. 5% x8. S213 Paperbound $1.75 


HEREDITY AND YOUR LIFE, A. M. Winchester. Authoritative, concise explanation of human 
genetics, in non-technical terms. What factors determine characteristics of future genera- 
^ns, how they may be altered; history of genetics, application of knowledge to control 
lHalth, intelligence, number of entire populations. Physiology of reproduction, chromosomes, 
genes, blood types, Rh factor, dominant, recessive traits, birth by proxy, sexual abnormalities, 
radiation, much more. Index. 75 illus. 345pp. 5% x 8. T598 Paperbound $1.45 


MATHEMATICAL BIOPHYSICS; PHYSICO-MATHEMATICAL FOUNDATIONS OF BIOLOGY, N. Rashevsky. 

One of most important books in modern biology, now revised, expanded with new chapters, 
to Include most significant recent contributions. Vol. 1: Diffusion phenomena, particularly 
diffusion drag forces, their effects. Old theory of cell division based on diffusion drag 
forces, other theoretical approaches, more exhaustively treated than ever. Theories of ex- 
citation, conduction in nerves, with formal theories plus physico-chemical theory. Vol. 2; 
Mathematical theories of various phenomena in central nervous system. New chapters on 
theory of color vision, of random nets. Principle of optimal design, extended from earlier 
edition. Principle of relational mapping of organisms, numerous applications. Introduces 
into mathematical biology such branches of math as topology, theory of sets. Index. 236 
Illustrations. Total of 988pp. 53/h x 8. S574 Vol. 1 (Books 1, 2) Paperbound $2.50 

$575 Vol. 2 (Books 3, 4) Paperbound $2.50 
2 vol. set $5.00 



ElEMENTS OF MATHEMATICAL BIOLOGY, A. i. Lotka. A pioneer classic, the first major attempt 
to apply modern mathematical techniques on a large scale to phenomena of biology, bio- 
chemistry, psychology, ecology, similar life sciences. Partial Contents; Statistical meaning 
of irreversibility; Evolution as redistribution; Equations of kinetics of evolving systems; 
Chemical, inter-species equilibrium; parameters of state; Energy transformers of nature, 
etc. Can be read with profit even by those having no advanced math; unsurpassed as study- 
reference. Formerly titled ELEMENTS OF PHYSICAL BIOLOGY. 72 figures, xxx + 460pp. 
53/8 X 8. S346 Paperbound $2.45 

FRESHWATER MICROSCOPY, W. J. Garnett. Non-technical, practical book for the layman and 
student. Contains only information directly confirmed by the distinguished British scientist's 
personal observation. Tells how to collect and examine specimens, describes equipment and 
accessories, mounting, staining, correct illumination, measuring, the microprojector, etc. 
Describes hundreds of different plant and animal species, over 200 illustrated by micro- 
photos. Many valuable suggestions on the work amateurs can do to throw new light on 

the field. Index. 51 full-page plates. 50 diagrams. Bibliography. 2 Appendices. Glossary of 
scientific terms, xii 4 300pp. 6x9. S790 Clothbound $5.95 

CULTURE METHODS FOR INVERTEBRATE ANIMALS, P. S. Galtsoff, F. E. Lutz, P. S. Welch, J. G. 
Needham, eds. A compendium of practical experience of hundreds of scientists and techni- 
cians, covering invertebrates from protozoa to chordata, in 313 articles on 17 phyla. Explains 
in great detail food, protection, environment, reproduction conditions, rearing methods, 
embryology, breeding seasons, schedule of development, much more. Includes at least one 
species of each considerable group. Half the articles are on class insecta. Introduction. 97 
illustrations. Bibliography. Index, xxix + 590pp. 53/3 x 8. S526 Paperbound $2.75 

THE BIOLOGY OF THE LABORATORY MOUSE, edited by G. D. Snell. 1st prepared in 1941 

by the staff of the Roscoe B. Jackson Memorial Laboratory, this is still the standard treatise 
on the mouse, assembling an enormous amount of material for which otherwise you spend 
hours of research. Embryology, reproduction, histology, spontaneous tumor formation, genetics 
of tumor transplantation, endocrine secretion & tumor formation, milk, influence & tumor 
formation, inbred, hybrid animals, parasites, infectious diseases, care & recording. Classified 
bibliography of 1122 items. 172 figures, including 128 photos, ix + 497pp. BVs x 91 / 4 . 

S248 Clothbound $6.00 

THE BIOLOGY OF THE AMPHIBIA, 6. K. Noble, Late Curator of Herpetology at the Am. Mus. 

of Nat. Hist, Probably the most used text on amphibia, unmatched in comprehensiveness, 

clarity, detail. 19 chapters plus 85-page supplement cover development; heredity; life history; 
speciation; adaptation; sex, Integument, respiratory, circulatory, digestive, muscular, nervous 
systems; instinct, intelligence, habits, environment, economic value, relationships, classifica- 
tion, etc. "'Nothing comparable to it,” C. H. Pope, Curator of Amphibia, Chicago Mus. of 
Nat. Hist, 1047 bibliographic references, 174 illustrations. 600pp. 5^/s x 8. 

S206 Paperbound $2.98 

STUDIES ON THE STRUCTURE AND DEVELOPMENT OF VERTEBRATES, E. S. Goodrich. A definitive 
study by the greatest modern comparative anatomist. Exceptional in its accounts of the 
ossicles of the ear, the separate divisions of the coelem and mammalian diaphragm, and 
the 5 chapters devoted to the head region. Also exhaustive morphological and phylogenetic 
expositions of skeleton, fins and limbs, skeletal visceral arches and labial cartilages, 
visceral clefts and |llls, vascular, respiratory, excretory, and periphal nervous systems, etc., 
from fish to the higher mammals, 754 illustrations. 69 page biographical study by C. C. 
Hardy. Bibliography of 1186 references. “What an undertaking ... to write a textbook which 
will summarize adequately and succinctly all that has been done in the realm of Verte- 
brate Morphology these recent years,” Journal of Anatomy. Index. Two volumes. Total 906pp. 
5% X 8. Two vol. set S449-50 Paperbound $5.00 

THE GENETICAL THEORY OF NATURAL SELECTION, R. A. Fisher. 2nd revised edition of a vital 
reviewing of Darwin’s Selection Theory in terms of particulate inheritance, by one of the 

? :reat authorities on experimental and theoretical genetics. Theory is stated in mathematical 
orm. Special features of particulate inheritance are examined; evolution of dominance, 
maintenance of specific variability, mimicry and sexual selection, etc. 5 chapters on m^n 
and his special circumstances as a social animal. 16 photographs. Bibliography, index. 
X + 310pp. 5% X 8. S466 Paperbound $1.85 

THE AUTOBIOGRAPHY OF CHARLES DARWIN, AND SELECTED LETTERS, edited by Francis 
Darwin. Darwin’s own record of his early life; the historic voyage aboard the “Beagle”; 
the furor surrounding evolution, and his replies; reminiscences of his son. Letters to 
Henslow, Lyell, Hooker, Huxley, Wallace, Kingsley, etc., and thoughts on religion and 
vivisection. We see how he revolutionized geology with his concept of ocean subsidence; 
how his great books on variation of plants and animals, primitive man, the expression of 
emotion among primates, plant fertilization, carnivorous plants, protective coloration, etc., 
came Into being. Appendix. Index. 365pp. 5% x 8. T479 Paperbound $1.65 

THE LIFE OF PASTEUR, R. Vallery-Radot. 13th edition of this definitive biography, cited in 
Encyclopaedia Brrtannlca, Authoritative, schoiarly, well-documented with contemporary quotes 
observations; gives complete picture of Pasteur’s personal life; especially thorough presenta- 
tion of scientific activities with silkworms, fermentation, hydrophobia, innoculation, etc 
Introduction by Sir William Osier. Index. 505pp, 5% x 8. T633 Paperbound $2.00 
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ANTONY VAN LEEUWENHOEK AND HIS “LITTLE ANIMALS,” edited by Clifford Dobell. First 
book to treat extensively, accurately, life and works (relating to protozoology, bacteriology) 
of first microbiologist, bacteriologist, micrologist. Includes founding papers of protozoology, 
bacteriology; history of Leeuwenhoek’s life; discussions of his microscopes, methods, 
language. His writing conveys sense of an enthusiastic, naive genius, as he looks at rain- 
water, pepper water, vinegar, frog’s skin, rotifers, etc. Extremely readable, even for non- 
specialists. “One of the most interesting and enlightening books 1 have ever read,” Dr. 
C. C, Bass, former Dean, Tulane U. School of Medicine. Only authorized edition. 400-item 
bibliography. Index. 32 illust. 442pp. 53/8 x 8. S594 Paperbound $2.25 

MICROGRAPHIA, Robert Hooke. Hooke, 17th century British universal scientific genius, was a 
major pioneer in celestial mechanics, optics, gravity, and many other fields, but his greatest 
contribution was this book, now reprinted entirely from the original 1665 edition, which gave 
microscopy its first great impetus. With ail the freshness of discovery, he describes fully his 
microscope, and his observations of cork, the edge of a razor, Insects’ eyes, fabrics, and 
dozens of other different objects. 38 plates, full-size or larger, contain all the original 
illustrations. This book is also a fundamental classic in the fields of combustion and heat 
theory, light and color theory, botany and zoology, hygrometry, and many other fields. It con- 
tains such farsighted predictions as the famous anticipation of artificial silk. The final section 
is concerned with Hooke’s observations on the moon and stars. 323pp. 53^ x 8. 

Paperbound $2.00 

CONDITIONED REFLEXES; AN INVESTIGATION OF THE PHYSIOLOGICAL ACTIVITIES OF THE 
CEREBRAL CORTEX, I. P. Pavlov. Full, authorized translation of Pavlov’s own survey of his 
work in experimental psychology reviews entire course of experiments, summarizes conclu- 
sions, outlines psychological system based on famous “conditioned reflex” concept. Details 
of technical means used in experiments, observations on formation of conditioned reflexes, 
ftinction of cerebral hemispheres, results of damage, nature of sleep, typology of nervous 
system, significance of experiments for human psychology. Trans, by Dr. G. V. Anrep, Cam- 
bridge Univ, 235-item bibliography. 18 figures. 445pp. 53/8 x 8. S614 Paperbound $2.25 

THE PRINCIPLES OF PSYCHOLOGY, William James. The full long course, unabridged, of one of 
the great classics of Western science. Wonderfully lucid descriptions of human mental activity, 
consciousness, emotions, reason, abnormal phenomena, and similar topics. Examines motor 
zones, sensory aphasia, phosphorus and thought, cerebral thermometry, neural process in 
perception, ideo-motor action — in short, the entire spectrum of human mental activity. 
“Standard reading ... a classic of interpretation,” PSYCHIATRIC QUARTERLY. 94 illustrations. 
Two volume set. Total of 1408pp. 53/8 x 8. T381 Vol I Paperbound $2.50 

T382 Voi II Paperbound $2.50 
The set J^S.OO 

THE TRAVELS OF WILLIAM BARTRAM, edited by Mark Van Doren. This famous source-book of 
American anthropology, natural history, geography is the record kept by Bartram in the 
1770’s, on travels through the wilderness of Florida, Georgia, the Carolinas. Containing 
accurate and beautiful descriptions of Indians, settlers, fauna, flora, it is one of the finest 
pieces of Americana ever written. Introduction by Mark Van Doren. 13 original illustrations. 
Index. 448pp. 53/8 x 8. T13 Paperbound $2.00 


FRUIT KEY AND TWIG KEY TO TREES AND SHRUBS (FRUIT KEY TO NORTHEASTERN TREES, 
TWIG TREE TO DECIDUOUS WOODY PLANTS OF EASTERN NORTH AMERICA), W. M. Harlow. 

The only guides with photographs of every twig and fruit described — especially valuable to 
the novice. The fruit key (both deciduous trees and. evergreens) has an introduction explain- 
ing seeding, organs involved, fruit types and habits. The twig key introduction treats growth 
and morphology. In the keys proper, identification is easy and almost automatic. This 
exceptional work, widely used in university courses, is especially useful for identification 
In winter, or from the fruit or seed only. Over 350 photos, up to 3 times natural size. 
Bibliography, glossary, index of common and scientific names, in each key. xvii + 125pp, 
5% X 8%. T511 Paperbound $1.25 

fREES OF THE EASTERN AND CENTRAL UNITED STATES AND CANADA, W. M. Harlow, Professor 
of Wood Technology, College of Forestry, State University of N. Y., Syracuse, N. Y. This 
middle-level text is a serious work covering more than 140 native trees and important 
escapes, with information on general appearance, growth habit, leaf forms, flowers, fruit, 
bark, and other features. Commercial use, distribution, habitat, and woodlore are also given. 
Keys within the text enable you to locate various species with ease. With this book you 
can identify at sight almost any tree you are likely to encounter; you will know which trees 
have edible fruit, which are suitable for house planting, and much other useful and interest- 
ing information. More than 600 photographs and figures, xiii + 288pp. 45/fe x %yz. 

T395 Paperbound $1.35 

HOW TO KNOW THE FERNS, F. T. Parsons. Ferns, among our most lovely native plants, are all 
too little known. This modern classic of nature lore will enable the layman to identify any 
American fern he is likely to come across. After an introduction on the structure and life 
of ferns, the 57 most important ferns are fully pictured and described (arranged upon a 
simple identification key). Index of Latin and English names. 61 illustrations and 42 full-page 
plates, xiv -f 215pp. 53/8 x 8. T740 paperbound $1.25 



INSECT LIFE AND INSECT NATURAL HISTORY, S. W. Frost Unusual for emphasizing habits, 
social life, and ecological relations of Insects, rather than more academic aspects of ciassifh 
cation and morphology. Prof. Frost’s enthusiasm and knowledge are everywhere evident as he 
discusses insect associations, and specialized habits like leaf-mining, leaf-roiling, and case- 
making, the gal! Insects, the boring insects, aquatic insects, etc. He examines all sorts of matters 
not usually covered in general works, such as: insects as human food; insect music and 
musicians; insect response to electric and radio waves; use of insects in art and literature. 
The admirably executed purpose of this book, which covers the middle ground between 
elementary treatment and scholarly monographs, is to excite the reader to observe for 
himself. Over 700 illustrations. Extensive bibliography, x + 524pp. S^/a x 8. 

T517 Paperbound $2.25 

COMMON SPIDERS OF THE UNITED STATES, i. H. Emerton. Only non-technical, but thorough, 
reliable guide to spiders for the layman. Over 200 spiders from all parts of the country, 
arranged by scientific classification, are identified by shape and color, number of eyes, habitat 
and range, habits, etc. Full text, 501 line drawings and photographs, and valuable introduction 
explain webs, poisons, threads, capturing and preserving spiders, etc. Index. New synoptic 
key by S. W. Frost, xxiv -f 225pp. 5% X 8. T223 Paperbound $1.35 

BEHAVIOR AND SOCIAL LIFE OF THE HONEYBEE, Ronald Ribbands. Outstanding scientific study; 
a compendium of practically everything known about social life of the honeybee. Stresses 
behavior of individual bees In field, hive. Extends Frisch’s experiments on communication 
among bees. Covers perception of temperature, gravity, distance, vibration; sound production; 
glands; structural differences; wax production; temperature regulation; recognition, communi- 
cation; drifting, mating behavior, other highly Interesting topics. Bibliography of 690 
references. Indexes. 127 diagrams, graphs, sections of bee anatomy, fine photographs. 352pp. 
5V2 X 8 V 2 . S410 Clothbound $4.50 

ANIMALS IN MOTION, Eadweard Muybridge. Largest, most comprehensive selection of Muy- 
bridge’s famous action photos of animals, from his ANIMAL LOCOMOTION. 3919 high-speed 
shots of 34 different animals and birds in 123 different types of action: horses, mules, oxen, 
pigs, goats, camels, elephants, dogs, cats, guanacos, sloths, lions, tigers, jaguars, rac- 
coons, baboons, deer, elk, gnus, kangaroos, many others, in different actions — - walking, 
running, flying, leaping. Horse alone shown in more than 40 different ways. Photos taken 
against ruled backgrounds; most actions taken from 3 angles at once: 90®, 60®, rear. 
Most plates original size. Of considerable interest to scientists as a classic of biology, as 
a record of actual facts of natural history and physiology. "A really marvellous series of 

plates,” NATURE (London). ”A monumental work," Waldemar Kaempffert. Photographed by 
E, Muybridge. Edited fay L. S. Brown, American Museum of Natural History. 74-page intro- 
duction on mechanics of motion. 340 pages of plates, 3919 photographs. 416pp. Deluxe bind- 
ing, paper. (Weight 4V2 lbs.) Vh x los/a. T203 Clothbound $10.00 

THE HUMAN FIGURE IN MOTION. Eadweard Muybridge. This new edition of a great ciasslc 
In the history of science and photography is the largest selection ever made from the 

original Muybridge photos of human action; 4789 photographs, illustrating 163 types of 
motion: walking, running, lifting, etc. in time-exposure sequence photos of speeds up to 
l/6O00th of a second. Men, women, children, mostly undraped, showing bone and muscle 
positions against ruled backgrounds, mostly taken at 3 angles at once. Not only was this 
a great work of photography, acclaimed by contemporary critics as a work of genius, it was 
also a great 19th century landmark in biological research. Historical introduction by Prof, 

Robert Taft, U. of Kansas. Plates original size, full detail. Over 500 action strips. 407pp. 

7% X 10%. Deluxe edition. T204 Clothbound $10.00 


See also: ANALYSIS OF SENSATIONS, E. Mach; ON THE SENSATIONS OF TONE, H. Helmholtz: 
FROM MAGIC TO SCIENCE, C. Singer; A SHORT HISTORY OF ANATOMY AND PHYSIOLOGY FROM 
THE GREEKS TO HARVEY,- C. Singer; ELEMENTARY STATISTICS, WITH APPLICATIONS IN MEDI- 
CINE AND THE BIOLOGICAL SCIENCES, F. E. Croxton. 


MEDICINE 


CLASSICS OF CARDIOLOGY, F. A. Willius and T. E. Keys. Monumental collection of 52 papers 
by 51 great researchers and physicians on the anatomy, physiology, and pathology of the heart 
and the circulation, and the diagnosis and therapy of their diseases. These are the original 
writings of Harvey, S§nac, Auenbrugger, Withering, Stokes, Einthoven, Osier, and 44 others 
from 1628 to 1912. 27 of the papers are complete, the rest in major excerpts; all are in 
English. The biographical notes and introductory essays make this a full history of cardiology 
—with exclusively first-hand material. 103 portraits, diagrams, and facsimiles of title pages. 
Chronological table. Total of xx + 858pp. 5% x 8%. Two volume set. 

T912 Vol 1 Paperbound $2.00 
T913 Vol II Paperbound $2.00 
The set $4.00 



SOURCE BOOK OF MEDICAL HISTORY, compiled, annotated by Logan Clendening, M.O. Un* 

equalled collection of 139 greatest papers in med|oal history, by 120 authors, covers almost 
every area: pathology, asepsis, preventive medicine, bacteriology, physiology, etc. Hippocrates, 
Gain, Vesalius, Malpighi, Morgagni. Boerhave, Pasteur, Walter Reed, Florence Nightingale, 
Lavoisier, Claude Bernard, 109 others, give view of medicine unequalled for immediacy. 
Careful selections give heart of each paper, save you reading time. Selections from non- 
medical riterature show lay-views of medicine: Aristophanes, Plato, Arabian Nights, Chaucer, 
Molifere, Dickens, Thackeray, others. “Notable . . . useful to teacher and student alike, “ 
Amer. Historical Review. Bibliography. Index. 699pp. 5% x 8, T621 Paperbound $2.75 

CLASSICS OF MEDICINE AND SURGERY, edited by C. N. B. Camac. 12 greatest papers in 
medical history, 11 in full: Lister’s “Antiseptic Principle;” Harvey's “Motion in the Heart 
and Blood;” Auenbrugger's “Percussion of the Chest;" Laennec's “Auscultation and the 
Stethoscope;" Jenner’s “Inquiry into Smallpox Vaccine,” 2 related papers; Morton’s “Admin- 
istering Sulphuric Ether," letters to Warren, “Physiology of Ether;" Simpson's “A New 
Anaesthetic Agent;" Holmes’ “Puerperal Fever." Biographies, portraits of authors, bibliog- 
raphies. Formerly “Epoch-making Contributions to Medicine, Surgery, and the Allied Sciences.” 
Introduction. 14 illus. 446pp. 5% x 8. $539 Paperbound $2.25 



FREE! All you do is ask for it! 

A WAY OF LIFE, Sir William Osier. The complete essay, stating his philosophy 
of life, as given at Yale University by this great physician and teacher. 
30 pages. Copies limited, no more than 1 to a customer. 


EXPERIMENTS AND OBSERVATIONS ON THE GASTRIC JUICE AND THE PHYSIOLOGY OF DIGESTION, 

William Beaumont. A gunshot wound which left a man with a 2Vi Inch hole through his 
abdomen into his stomach (1822) enabled Beaumont to perform the remarkable experiments 
set down here. The first comprehensive, thorough study of motions and processes of the 
stomach, “his work remains a model of patient, persevering investigation. . . . Beaumont is 
the pioneer physiologist of this country." (Sir William Osier, in his introduction.) 4 illustra- 
tiohs, xi + 280pp. 53/8 x 8. S527 Paperbound $1.50 


AN INTRODUCTION TO THE STUDY OF EXPERIMENTAL MEDICINE, Claude Bernard. 90-year-old 
classic of medical science, only major work of Bernard available in English, records his 
*‘€#etfts to transform physiology into exact science. Principles of scientific research illustrated 
^%;Specific case histories from his work; roles of chance, error, preliminary false conclusions, 
fiji^ieading eventually to scientiffc truth; use of hypothesis. Much of modern application of 
i^fhematics to biology rests on the foundation set down here. New foreword by Professor 
Cohen, Harvard Univ. xxv + 266pp. 53/8 x 8. T400 Paperbound $1.50 

^nitY OF LIFE, AND OTHER SELECTED WRITINGS, Sir William Osier, Physician and humanist. 
Osier discourses brilHantly in thought provoking essays and on the history of medicine. 
He discusses Thomas Browne, Gui Patin, Robert Burton, Michael Servetus, William Beaumont, 
Laennec. Includes such favorite writings as the title essay, “The Old Humanities and the 
New Science,” “Creators, Transmitters, and Transmuters" “Books and Men," “The Student 
Life," and five more of his best discussions of philosophy, religion and literature. 5 photo- 
graphs. Introduction by G. L. Keynes, M.D., F.R.C.S. Index, xx •+• 278pp. 5% x 8. 

T488 Paperbound $1.50 


Dover publishes books on art, music, philosophy, literature, languages, history, social 
sciences, psychology, handcrafts, orientalia, pussies and entertainments, ch^s, pets 
and gardens, books explaining science, intermediate and higher mathematics mathr- 
ematicol physics, engineering, biological sciences, earth sciences, classics of science, etc* 
Write to: 


Dept, catrr, 

Dover Publications, Inc, 

180 Varick Street, N, Y, H, N, Y, 






